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ABSTRACT 


/  <  <1 

v  or  ■ 

Gadolinium  compositions  with  bismuth,  antimony,  sllicon; 
boron,  phosphorus  and  selenium,  and  hafnium  compounds  with 
silicon  and  boron  have  been  examined  for  their  potential 
as  thermo<  ectric  materials,  Scebeck  potentials,  resis¬ 
tivities  and  melting  points  have  been  determined.  Several 
refractory  systems  t^ve  been  uncovered,  w1  th  melting  points 
as  high  as  3000°C,  and  compounds  in  the  gadolinium-selenium 
systems  have  demonstrated  a  possible  value  as  a  thermo¬ 
electric  material. 

In  the  gadolinium  selenium  system  Seebeck  outputs  as 
high  as  500  ^v/0C~Nhave  been  obtained  but  this  and  resis¬ 
tivities  have  been  found  to  vary  unconventionally  with 
treatment'  end  mild  variations  in  composition. ^  "Doping' 
of  the  Gd2Se^  compound  vomposition  with  small  amounts  of 
copper  appears  not  to  have  an  advantageous  effect  upon 
electrical  characteristics  of  the  material  and  a  tentative 
investigation  of  the  chemistry  of  the  system  has  led  to  the 
belief  that  the  value  of  the  gadolinium  selenium  system 
for  thermoelectric  applications  depends  upon  an  as  yet 
undetermined  relationship  between  GdSe  and  GdgSe^  compounds 
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INTRODUCTION 

This  final  report  describes  the  work  performed  during 
the  period  May  18,195.)  to  May  1,  1)60,  under  Contract 
NObs-77145  (Index  No.  i "  -010024 -1BR )  on  refractory  gado¬ 
linium  and  hafnium  compounds.  Personnel  involved  in  the 
work  reported  included  Messrs.  E.  Avis,  W.  Lavold,  W.  C. 
Sexton,  V.  Nnvy,  H.  M.  Muir,  L.  Thomas  and  the  project 
leader.  Dr.  R.  C.  Vickery.  Dr.  G.  Vineyard  has  contributed 
to  much  of  the  discussion. 

The  aimh  and  objectives  of  the  work  undertaken  have 
been  to  investigate  compounds  of  gadolinium  and  hafnium 
with  other  elements  which,  while  attaining  a  high  degree  of 
refractoriness,  also  are  so  bonded  as  to  develop  a  signifi¬ 
cant  output  of  thermoelectric  power  at  elevated  temperatures. 
Measurement  of  Seebeck  coefficients  and  resistivities  for 
a  group  of  selected  compositions  were  to  be  made. 


-1- 


RC  145 


BACKGROUND  CONSIDERATIONS 

Theoretical  aspects  of  the  development  or  tnermo- 
electrlc  power  have  been  treated  by  several  authorities 
and  do  not  require  iteration  here.  Of  specific  concern  Is 
the  material  structure  requirement  leading  to  both  high 
temperature  stability  and  the  production  of  an  appreciable 
thermoelectric  output. 

In  the  purist,  sense  no  direct  correlation  of  these 
two  required  parameters  can  be  made.  Although  several 
formulae  have  been  presented  from  which  the  thermoelectric 
prwer  ci  r  l  a  .1  car.  be  predicted,  such  formulae  require 
however  t no  knowledge  of  precise  structural  data  which 
are  in  many  instances,  lacking.  The  requirement  still 
exists  therefore  for  examination,  on  a  generolistic  basis, 
of  mai  ^  previously  unexamined  materials. 

Other  workers  have  developed  the  concept  that  mixed 
valence  compounds  should  provide  valuable  thermoelectric 
parameters.  This  interpretation  is  felt  however  to  be 
rather  ambiguous  and  a  more  precise  concept  Is  that  based 
upon  systems  in  which  bonding  resonates  between  covalent 
lor  homopolsr)  and  ionic  characteristics.  Such  resonance 
will  stren  ohen  the  bond  anu  thus  increase  the  melting 
point  of  the  system  and  most  probably  the  energy  gap. 
Again,  because  of  the  covalent  bonding,  it  is  to  be  ex¬ 
pected  that  such  materials  will  be  semiconducting. 

For  valuable  application  to  thermoelectricity  it  is 
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necessary  that  semi-conductors  be  extrinsic,  3ince  other¬ 
wise  h  ]e  and  electron  conductance  'will  militate  against 
each  other. 

Specifically  therefore,  with  the  foregoing  generali¬ 
zations  in  mind,  it  was  pertinent  to  consider  the  value  of 
lntermeta 11 ic  compounds  as  thermoelectric  materials.  The 
semiconducting  properties  of  intermetallics  are  due  to  the 
number  of-  ..-tates  and  number  of  available  electrons  such 
that  the  valence  bond  comprises  all  the  bonding  states  and 
that  the  conduction  .-and  is  formed  by  anti-uonding  states. 
This  also  moans  that  the  chemical  stability  of  the  system 
must  be  higher  than  that  of  a  metal  phase.  This  stability 
is  of  course  further  increased  by  the  covalent  -  ionic 
resonance  and  increase  in  the  energy  gap. 

Of  direct  importance  in  determining  the  value  of  a 
material  for  thermoelectric  purposes  is  electrical  resis¬ 
tivity.  It  has  long  been  known  that  resistivity  shows  a 
sharp  increase  at  compositions  satisfying  simple  chemical 
valence  rules  and  that  the  structure  of  such  compositions 
Is  not  metallic.  We  would  therefore,  appear  to  be  con¬ 
strained,  in  the  genera listic  sense,  to  examination  of 
iritprmeta 1 1  ic  compounds  in  which  ionic  -  covalent  resonance 
occurs  in  nqn-stoic'niometrlc  compositions,  and  in  which 
conduction  is  electronic  rather  than  ionic,  the  whole 
system  being  also  an  extrinsic  semiconductor.  Through  a 
constitutional  series  however,  it  is  also  noted  that 
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resistivity  will  vary  with  the  degree  of  order-disorder 
obtaining  and  hence  low  resistivities  are  to  be  expected 
where  non-stoichiometric  intermets llic  compounds  are  formed. 
In  the  work  now  reported,  wide  spans  of  composition  have 
not  however  been  made,  arbitrarily  chosen  compositions  only 
having  been  studied. 

It  wa  .  suggested  that  the  required  oarameters  of 
resistivity,  Seebeck  e.m.f.  and  refractoriness  might  be 
met  by  compositions  involving  the  rare  earth  metals.  From 
the  electrical  stand-point,  the  rare  earth  elements  are 
interesting  since  their  electron  transport  properties  are 
related  to  the  strongly  shielded  4f  electron  component.  In 
the  rare  earth  series  per  se,  gadolinium  is  of  specific  in¬ 
terest  because  its  4f  shell  carries  the  maximum  number  of 
unpaired  electrons.  However,  considering  also  the  end  of 
the  rare  earth  series,  lutetium  has  14  4f  electrons.  .The 
rarity  of  this  element  however,  induced  consideration  of  the 
next  member  of  the  Periodic  System  -  hafnium,  which  also 
carries  14  4f  electrons  and  an  additional  electron  in  the 
5d  shell. 

Oonseouently  work  has  centered  on  studies  of  the 
thermoelectric  propensities  of  gadolinium  and  hafnium  with 
selected  elements  to  the  right  of  the  Zintl  boundary  in 
the  Periodic  Table.  Boron  compounds  have  also  been  ex¬ 
amined  . 

In  general  some  correlation  of  data  has  been  obtained 
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with  previously  established  theoretical  concepts,  but 
some  apparent  anomalies  have  also  been  observed.  These 
comparisons  and  discrepancies  will  be  considered  later. 

In  the  studies  now  reported,  Seebeck  coefficients, 
electrical  resistivities  and  melting  points  only,  have  been 
determined  for  the  materials  prepared.  It  is  accepted  that 
these  alone  cannot  determine  the  value  of  a  material  for 
thermoelectric  purposes.  Such  a  criterion  can  only  be 
ascertained  by  considering  the  "figure  of  merit"  -  Z  - 
which  relates  Seebo’’,-  coefficient,  resistivities  and  thermal 
conductivity.  Assuming  that,  for  non-anoma lous  states,  the 
Weidemann-Franz  ratio  holds  and  that  the  Lorentz  number  will 
relate  thermal  and  electrical  conductivities,  it  might  be 
considered  convenient  to  accept  the  free  electron  model 
which  gives  KR  =  LT  (where  L  is  the  Lorentz  number).  '  This 
does  not  however,  give  accurate  results  for  intermeta llic 
compounds  since  bonding  type  affects  both  lattice  and 
electron  conduction.  Moreover,  because  in  at  least  or.  a 
instance,  the  work  reported  dealt  with  a  very  "poor"  metal, 
lattice  thermal  conductivity  will  be  appreciable  and  the 
Weidemann-Franz  law  applies  only  to  the  electronic  (or  non- 
lattice)  part  of  thermal  conductivity.  Because  of  'this, 
no  attempt  has  been  made  herein  to  employ  the  above  re¬ 
lation  directly. 

In  the  work  reported  therefore,  only  Seebeck  coefficient, 
electrical  resistivity  values,  melting  point,  and  general 
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chemical  stability  have  been  considered  in  order  to  effect 
a  preliminary  screening  of  materials  in  preparation  for 
a  subsequent  deeper  investigation  of  the  more  promising 
compositions . 
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EXPERIMENTAL 


Component  Materials.  Materials  employed  in  the  pre- 

paration  of  the  refractory  compositions  considered  in  the 

work  reported 

have  been. 

A. 

Gadolinium 

Research  Chemicals  99.7 % 

B. 

Hafnium 

Wah  Chang  Corp.  electron  beam 
ingot  grade 

C. 

Bismuth 

Baker  &  Adamson  99.9  % 

D. 

Antimony 

Ohio  Semiconductors,  Inc.  electronic 

grade  99.999  % 


E  Silicon 

Dupont  Company  -  Solar  cell  grade 
99.999  * 

F.  Boron 

U.  S.  Borax  Corp.  Crystalline 
boron  99.9^ 

G.  Phosphorus 

Baker  &  Adamson  99.9 

H.  Selenium 

American  Smelting  &  Refining  Co. 
99.999  $ 

I  Zinc  phosphide 

Fisher,  technical  grade,  redistilled 
by  Research  Chemicals  to  9 9.9$ 

•T.  Calcium  phosphide 

Baker  &  Adamson,  technical  grade 


L-- 

Material  Preparation  Procedures.  Four  types  of  re¬ 
action  procedures  have  been  employed  for  the  preparation  of 
polycrystalline,  refractory  gadolinium  and  hafnium 
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compositions.  Those  techniques  were  direct  reaction, 
vapor  diffusion,  arc  melting  and,  in  phosphide  production, 
metathesis. 

A.  Direct  reaction 

The  two  material  components  were  reacted  together 
in  an  inert  argon  atmosphere,  induction  heating  being  used 
to  trigger  the  initial  reaction.  Once  the  critical  reaction 
temperature  of  the  composition  under  stud/  had  been  reached, 
the  heat  of  reaction  of  the  components  supplied  the  final 
heat  required  to  complete  the  reaction. 

Spun  tantalum  crucibles  0.030"  thick  x  1  1/2”  o.d. 
x  2"  high  were  used  as  containers.  A  Kinney  F-9  high  vacuum 
Induction  furnace  was  employed  as  the  heating  source  and 
the  inert  atmosphere  reaction  chamber.  The  materials  to  be 
reacted  were  blended  together  anci  packed  loosely  into  the 
spun  tantalum  crucible  which  was  fitted  with  0.003"  thick 
tantalum  splash  covers  to  prevent  loss  of  material  during 
the  violent  exothermic  reaction  occurring  at  the  critic  .si 
temperature.  The  charged  crucible  was  inserted  into  a 
0.030"  x  5/8"  o.d.  x  6"  high  tantalum  susceptor  positioned 
in  the  Kinney  furnace. 

Ir.  operation,  the  furnace  was  evacuated  to  50 
microns  pressure  from  which  point  two  argon  purges  were 
performed.  The  furnace  was  then  back  filled  with  argon  to 
a  pressure  of  10  p.s.l.  At  thi3  point,  induction  heating 
was  commenced,  and  continued  until  the  critical  reaction 
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temperature,  specific  for  the  system  was  reached.  At  thus 
point,  violent  exothermic  reaction  was  observed  and  power 
input  to  the  induction  coil  immediately  stopped.  The  heat 
of  reaction  then  suppl'^d  the  heat  necessary  for  the  re¬ 
action  tci  go  to  completion. 

Two  factors  militated  against  general  use  of  the 
foregoing  technique.  Products  formed  m  this  manner  were 
inhomogeneous  and,  for  the  most  part,  the  melting  points  of 
the  systems  being  examined  were  in  excess  of  the  operational 
temperature  r,'>ngc  wf  the  Kinney  F-9  Furnace,  (1650  to  I700re) 
so  that  no  reconsolidation  melting  could  be  effected. 

Another  method  for  forming  homogeneous  compositions  of  these 
refractory  materials  was  therefore  required  and  the  non¬ 
consumable  tungsten  electrode  arc  melting  procedure  (C 
below)  was  examined  as  an  alternative.  No  success  was 
achieved  in  attempting  to  prepare  gadolinium  phosphide  by 
this  procedure. 

B.  Vapor  Diffusion  Reaction 

Because  of  the  high  vapor  pressure  of  phosphorus 
and  selenium,  the  gadolinium-phosphorus  and  gadolinium- 
selenium  compounds  required  for  study  could  not  be  prepared 
directly  by  the  technique  described  above.  A  vapor  dif¬ 
fusion  technique  was  therefore  developed  for  the  selenium 
bearing  system.  The  products  of  this  technique  were  sub¬ 
sequently  ho^~  oniZ' d  by  the  standard  arc  melting  process. 
Phosphides  wer  ;  i  '.pared  only  by-  metathesis  (D.  below) 
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slncg  in  their  attempted  preparation  by  vapor  diffusion 
violent  explosions  occurred  even  at  low  heating  rates. 

Vapor  diffusion  reaction  was  effected  in  a  length 
of  Vycor  tubing  (1/2"  c,  J.,  l/l6"  wall).  After  sealing  one 
end  of  the  tube,  gadolinium  metal  was  introduced  in  the 
form  of  chips  of  approximately  1/32"-  cube  size.  A  con¬ 
striction  was  fhen  drawn  by  melting  the  tube  above  the  meta^ 
layer  and  selenium  in  l/lfc"  diameter  pellets  was  introduced 
above  the  constriction.  Direct,  solid  contact  of  the  re¬ 
actants  was  i  i.us  prevented.  After  evacuating  the  system  to 
2-5  microns  pressure,  the  open  end  of  the  tube  was  sealed  off 
and  the  whole  inserted  into  a  1  1/2"  o.d.  tube  combustion 
furnace. 

Furnace  temperature  was  then  slowly  increased,  at 
approximately  100°C/hr,  up  to  900°C .  This  temperature  was 
maintained  for  24  hours  when  power  input  to  the  furnace  was 
discontinued.  The  system  then  cooled  to  room  temperature 
at  approximately  200°C/hr. 

By  enforcing  a  slower  rate  of  reaction,  and  hence 
better  control,  this  technique  also  avoided  the  explosive 
reaction  which  occurred  when  the  gadolinium-selenium  systems 
were  reacted  directly  in  either  the  induction  or  arc  furnace. 
Once  formed  by  this  diffusion  reaction,  the  intermetallics 
could  be  remelted  in  the  arc  without  further  danger  of 
explosion. 

From  the  diffusion  reaction,  gadolinium-selenium 
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compounds  wore  obtained  as  powders.  These  powders  were  con¬ 
solidated  and  homogenized  by  blending  and  pelletizing 
at  10,000  to  15,000  p.s.l.  The  resultant  pellets,  approxi¬ 
mately  1  1/4”  diameter  v  1  1/2”  thick  were  then  fused  by 
the  standard  arc  melting  process. 

C .  Arc  Melting 

The  arc  melting  procedure  was  conducted  in  a 
furnace  consisting  of  a  watei'  cooled  vacuum  chamber  fitted 
with  a  water  cooled  copper  hearth  plate  and  a  1/4"  o.d.  . 
tungsten  electrode.  Copper  molds  approximately  1”  to  1  1/4' 
o.d.  x  1/2”  high,  positioned  on  the  copper  hearth  plate, 
were  used  as  material  containers  during  the  melt,  and 
viewing  ports  permitted  observation  during  the  melting 
process.  The  furnace  was  evacuated  to  50-100  microns  and 
purged  twice  from  this  point  with  a  75$  helium,  25$  argon 
mixture.  The  system  was  back-filled  with  the  helium-argon 
mixture  to  a  pressure  of  25  row  Hg  before  proceeding  with  the 
arc  melting  operation. 

The  tungsten  electrode  was  positioned  to  a  gap  of 
approximately  l/l6"  and  arcing  initiated  through  a  high 
frequency  starter.  The  electrode  was  then  manually  po¬ 
sitioned  to  establish  a  voltage  potential  of  approximately 
30-60  volts  and  the  current  increased  to  200-400  amps  de¬ 
pending  on  the  material  being  melted.  Current  was  maintain¬ 
ed  and  the  electrode  manually  manipulated  with  a  circular 
motion  until  the  entire  mass  became  molten.  The  average 
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heating  cycle  for  the  gadolinium  and  hafnium  containing 
systems  was  approximately  .1  to  2  minutes  per  melting 
operation. 

The  ingot  was  cooled  to  room  temperature  before 
examination  and  the  arc  melting  cycle  was  repeated  2  to  3 
times  with  the  ingot  being  inverted  between  each  melt  to 
Insure  a  homogeneous  structure. 

u .  Metathetlcal  Reaction 

Although  previous  studies  on  gadolinium  phosphide 
reported  its  preparation  by  direct  reaction,  the  present 
work  has  been  unable  to  confirm  this  and  the  closest 
approximation  obtained  to  the  gadolinium  phosphide  com¬ 
position  was  through  the  metathetlcal  reactions. 

X3P2  +  2  Gd  — >  2  GdP  3X.  (Where  X  is  Zn  or  Ca . ) 

The  cine  phosphide  reaction  was  preferably  employ¬ 
ed  because  of  the  relative  ease  with  which  the  sine  metal 
product  could  be  removed  by  distillation.  Kxpcriment-a  1 
studies  on  this  procedure  were  as  follows: 

( i  )  Double  Decomposition  Si  itering 
(Argon  Atmosphere) 

Fine  gadolinium  turnings  and  powdered  zinc  phos¬ 
phide  (Zn3P2)  were  lightly  packed  into  a  0.0 40"  tantalum 
crucible  (2"  o.d.  x  1"  high)  covered  with  a  0.003"  tantalum 
cap.  The  charge  was  placed  into  a  tantalum  susceptor  in  a 
Kinney  F-9  induction  furnace.  The  furnace  was  then  evacu¬ 
ated  to  100  microns  at  which  point  it  was  purged  with  argon. 
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The  system  wa3  again  evacuated  to  100  microns  and  then  back 
filled  with  argon  to  a  pressure  of  15  p.s.i.  The  tempera¬ 
ture  of  the  charge  was  next  slowly  raised  to  approximately 
1100°C  at  which  point  an  exothermic  reaction  took  place. 
Heating  was  continued  until  1500°C  was  reached  at  which 
point  the  power  input  was  ceased  and  the  charge  allowed  to 
furnace  cool  in  the  argon  atmosphere. 

tiie  reacted  phosphidic  composition  from  this 
procedure  was  then  pulverized  in  an  argon  atmosphere  until 
all  material  nassed  tJO  mesh.  This  product  was  then  pressed 
into  a  1"  o.d,  x  1/4"  disc  under  8,000  to  10,000  p.s.i. 

The  pellet  obtained  was  placed  on  a  0.003"  tantalum 
sheet  inside  a  tantalum  susceptor  and  again  set  up  in  the 
Kinney  F-9  induction  furnace.  The  furnace  was  evacuated  to 
100  microns  and  purged  with  argon  from  thi3  point.  Another 
evacuation  of  the  system  to  100  microns  was  followed  by  a 
back  filling  to  15  p.s.i.  with  argon  before  starting  the 
sintering  cycle. 

The  heating  input  was  adjusted  to  raise  the 
temperature  to  1500°C  in  two  hours.  After  a  one  hour  soak 
at  this  temperature,  the  input  was  stopped  and  the  gadolinium 
phosphine  pallet  all to  furnace  cool  at  approximately 
800°C  per  hour. 

( i i  )  Double  Decomposition  Sintering 
(200  to  500  Microns') 

This  procedure  was  similar  to  that  used  above. 

The  pressure  however,  was  reduced  to  200-500  microns  rather 
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than  the  15  p.o.l.  argon  atmosphere.  Identical  heating  rates 
were  used  and  at  approximately  1100°C  the  exothermic  re¬ 
action  was  again  observed.  Heating  was  continued  up  to^ 
1500°C  and  full  mecharioal  vacuum  maintained  throughout 
the  reaction.  Power  input  was  contolled  to  maintain  the 
temperature  of  1500PC  for  approximately  1/2  hour  after 
which  time  the  product  was  allowed  to  furnace  cool  at 
approximately  200°C  per  hour. 

The  material  was  then  treated  In  the  manner  pre¬ 
viously  der^rlbed  (i)  except  that  sintering  was  carried 
out  at  200-500  microns  pressure. 

(iii)  Double  Decomposition  (200-500  Microns) 
f ollawed  by  a  vapor  reaction. 

In  this  procedure,  an  attempt  was  made  to  increase 
the  phosphorus  content  of  the  product  by  applying  a  vapor 
reaction  technique  to  a  gadolinium-phosphorus  composition 
previously  prepared  by  the  double  decomposition  procedure. 

It  was  hoped  that  a  vapor  reaction  might  be  thus  carried 
out  without  the  explosions  previously  experienced. 

A  phosphidic  product  was  prepared  using  the  double 
decomposition  reaction  carried  cut  at  200-500  microns  pres¬ 
sure  (ii,  above).  Chemical  analysis  on  this  product  showed 
it  to  contain  11. 1^  phosphorus. 

This  material  was  then  pulverized  and  screened, 
in  an  argon  atmosphere,  until  all  material  passed  200  mesh. 
The  product  was  then  blended  with  zinc  phosphide  powder  in 
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amount  calculated  to  give  a  3$  excess  phosphorus  content. 

The  blended  materials  were  then  sealed  into  a  Vycor  tube  and 
a  standard  vapor  diffusion  technique  started.  Temperature 
was  raised  slowly  in  increments  of  50°C  per  two  hours. 
Temperature  had  attained,  and  been  maintained  at,  200  C  for 
approximately  two  hours  when  a  violently  explosive  reaction 
occurred.  The  reaction  product  was  recovered  and  separated 
from  the  i^ulverized  Vycor  contaminate.  Analysis  of  this 
material  showed  it  to  contain  12.5$  phosphorus  or  approxi¬ 
mately  1  1/2$  phoo/norus  increase  over  the  picviously  11.1$ 
phosphorus  in  the  original  double  decomposition  product. 

( iv )  rouble  Decomposition  Reaction  Employing 
Distilled  Zinc  Phosphide-  " 

The  zinc  phosphide  employed  in  the  double  de¬ 
composition  reaction  was  a  Fisher,  technical  grade  product, 
and  chemical  analysis  showed  it  to  contain  only  85$  zinc 
phosphide  as  Zn^^.  Purification  of  this  material  was 
effected,  without  difficulty,  by  vacuum  distillation  and  a 
product  containing  99.9$  Zn^Pg  was  obtained.  Using  the 
distilled  zinc  phosphide,  a  double  decomposition  reaction 
•was  carried  out  followed  by  vacuum  sintering  of  the  product. 
Analyses  showed  the  reaction  product  to  contain  rrjy  8.44$  P 
instead  of  the  required  l6.5$. 

A  product  of  slightly  higher  phosphorus  content 
was  obtained  by  using  calcium  phosphide  in  a  double  de¬ 
composition  reaction.  The  reaction  was  carried  out  in 
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vacuum  followed  by  vacuum  sintering.  19.6$  calcium 
contaminated  the  product  however, 

Analytical  Procedures.  Techniques  employed  for  de¬ 
termination  of  chemical  composition  of  materials  prepared 
have  followed  classical  techniques. 

Gadolinium-antimony  compositions  were  dissolved  in 
aqua  regia ,  the  antimony  precipitated  as  the  sulphide  by 
use  of  hyurogen  sulphide  and  finally  dc-termined  iodimetri- 
cally.  Gadolinium  in  the  antimony  free  solution  was  then 
precipitated  as  or.'  ale  and  determined  gravimetri  cally 
after  ignition  to  oxide. 

Bismuth  containing  compositions  were  dissolved  in 
hydrochloric  acid  the  bismuth  content  hydrolysed  as  the 
oxychloride  and  weighed  as  such.  Gadolinium  was  determined 
gra vimetrioally  as  abo^'o. 

Selenium  was  determined  in  gadolinium-selenium  com¬ 
positions  after  fusion  of  the  sample  in  sodium-potassium 
carbonate  mixture,  by  precipitation  with  sulphurous  a. id 
and  weighing  finally  as  the  metal.  Gadolinium  was  deter¬ 
mined  gravimetrically  in  the  filtrate. 

Silicon  alloys  with  gadolinium  were  decomposed  by 
fusion  with  sodium  norovtdc,  the  melt  taken  into  solution 
with  dilute  hydrochloric  acid  and  evaporated  to  dryness  to 
insolubilize  the  silicon  as  silicon  dioxide  which  was  then 
determined  gravimetrically. 

Gadolinium-phosphorus  compounds  required  dissolution 
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In  rubric  acid  under  reflux  conditions  and  o  bromine  trap 
to  ensure  that  no  loss  of  phosphine  occurred.  In  the  final 
solution,  phosphorus  was  determined  volumetrically  with 
ammonium  molybdate  and  gadolinium  by  gravimetry. 

Boron  containing  gadolinium  systems  were  decomposed 
under  reflux  in  tho  same  way  as  gadolinium-phosphorus  com¬ 
positions,  and  the  eoron  content  titrated  with  standard 
alkali  af .cr  the  addition  of  mannitol. 

Hafnium-silicon  compositions  were  treated  similarly 
to  the  gadolinium--  li con  alloys,  silicon  using  determined 
gravimetricolly  as  silicon  dioxide.  Where  hafnium  contents 
were  required,  precipitation  with  diammomum  phosphate  was 
followed  by  ignition  to,  and  weighing  of  tho  hafnium 
pyrophosphate . 

Hafnium-boron  systems  were  treated  identically  to  the 
gadolinium-boron  systems  except  for  the  addition  of 
hydrofluoric  acid  during  the  decomposition  step. 

Sample  Preparation.  All  of  the  refractory  hafnium  and 
gadolinium  compositions  prepared  were  found  to  be  hard  and 
brittle  which  presented  some  difficulty  in  preparing 
specimens  suitable  for  the  required  resistivity  and  Seebeck 
evaluations.  Several  grades  and  thicknesses  of  silicon 
carbide  cut  off  wheels  were  employed  in  the  initial  specimen 
preparations  with  varying  degrees  of  success  depending  upon 
the  refractory  system  being  fabricated,  A  general  purpose 
cut  off  wheel  suitable  for  all  materia ls-cutting  requirements 
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vns  later  developed,  consisting  of  a  100  mesh  silicon  carbide 
powder  bonded  in  a  rubber  base  matrix.  The  wheel  had  a  thick¬ 
ness  of  0,030"  and  satisfactory  preliminary  fabrication  of 
materials  was  then  possible  by  its  use. 

After  rough  cutting  of  the  specimen  to  approximately 
1.27  x  0.64  x  0.64  cm  several  polishing  steps  were  conducted. 
In  order  to  eliminate  any  surface  effect  interference,  a 
'Inal  polisn  of  specimen  was  carried  out  on  a  600x  emery 
cloth  immediately  before  the  electrical  tests  were  con¬ 
ducted  . 
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MEASUREMENTS 

Scebcck  Coefficient  Measurement.  Samples  of  approxi¬ 
mately  1.27  x  0.64  x  0.64  cm  dimensions  were  placed  with 
their  polished  sides  between  two  platinum  plate  electrodes 
which  were  maintained  in  firm  contact  with  the  specimen  by 
pressure  from  externally  spring  mounted  stainless  steel  rods. 
The  whole  unit  was  contained  in  a  Vycoi  tube  through  which 
argon  passed  continuously  during  the  heading  and  cooling 
cycle. 

An  alumina  the* mo-couple  sheath  containing  a  20  guage 
chromel/alumcl  thermo-couple  was  inserted  through  the  center 
of  each  stainless  steel  rod  and  extended  to  the  platinum 
electrodes.  A  separate  cold  junction  was  used  for  each 
thermo-couple  employed  for  measuring  the  temperature  gradi¬ 
ent  of  the  sample.  The  heat  source  was  a  nichrome  wiie 
wound  heater  assembled  around  the  Vycor  tube. 

The  platinum  electrode  system  functioned  satisfactorily 
at  temperatures  up  to  1000°C  and  showed  no  evidence  of 
contamination  from  any  system  examined. 

A  switching  circuit  was  provided  to  allow  the  rapid 
routing  of  both  chromel/alumel  thermo-couples  as  well  as 
the  Secbeok  emf  to  r.  Hint  el,  model  No.  204a  electronic 
galvanometer.  Accuracy  of  the  Seebeck  measurements  made 
wa3  felt  to  be  ±10$.  Figure  1  shows  the  diagram  and 
electrical  schematics  for  this  apparatus. 
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Resistivity  Measurements.  The  brittle  nature  of  many 
of  the  systems  being  investigated  resulted  m  the  disinte¬ 
gration  of  their  fabricated  ingots  into  relatively  small 
samples.  Where  resistivity  values  are  not  reported  there¬ 
fore.,  it  13  to  be  taken  that  specimens  were  too  brittle  to 
permit  fabrication  into  the  required  geometry.  As  indicated 
above,  a  sample  size  of  0.5  x  0.5  x  0.3  cm  was  selected  as 
the  maximum  sample  size  producable  for  several  of  the  more 
brittle  systems,  and  it  is  for  this  reason  that  the  resis¬ 
tivity  measurement  .pyaratus  (Figure  2)  was  so  scaled. 

The  sample  inserted  into  a  0.9  cm  l.j.  Vycor  tube 
was  seated  firmly  against  four  externally  spring  mounted 
stainless  steel  electrodes  (0.08  cm  o  d,  with  a  0  00  " 
ground  point).  The  two  outer  electrodes  (current)  were 
spaced  0.53  cm  apart  ard  the  inner  electrodes  (emf)  at  0.l6 
cm.  Current  in  the  100-200  milli-amp  range  was  supplied  to 
the  sample  by  dry  cell  batteries  and  measurements  were  made 
using  a  Kintel  No.  204A  electronic  galvanometer.  Accuracy 
of  -fc5$  is  felt  to  have  been  obtained  with  contact  resis¬ 
tance  negated  by  this  procedure  since  comparable  resistivity 
values  were  obtained  on  standard  materials. 

A  ncr.  inductive  Kent hal  wire  heater  was  used  as  the 
heat  source,  maintained  to  ±T°C  over  the  entire  tempera¬ 
ture  range,  through  a  Wheelco  control  unit.  The  heating 
chamber  was  purged  with  argon  gas  throughout  the  entire 
cycle,  and  no  contact  contamination  was  observed  from  any 
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system  up  to  temperatures  of  1000°C . 

Despite  the  specific  accuracy  claimed  above  for 
measurements,  resistivity  values  must  always  be  regarded 
conservatively  unless  monophase,  homogeneous  materials  are 
being  examined.  No  claim  can  be  made  in  the  work  now  pre¬ 
sented  for  absolute  physical  integrity  of  specimens,  hence 
undetected  voids,  cracks  and  other  imperfections,  may  lead 
to  crroneoi  .sly  high  resist  1  vitj  values.  Again,  because 
compositions  only  have  been  examined  in  this  initial  study 
without  the  benefit  structural  X-ray  studies  it  cannot 
be  assumed  that  each  sample  was  monophase-  indeed,  the 
converse  is  probably  more  correct.  Competing  order  - 
disorder  transitions  may  therefore  present  another  source 
of  error. 

Melting  Point  Measurements.  The  apparatus  employed  to 
determine  the  melting  points  of  refractory  compounds  con¬ 
sisted  of  a  water  cooled  gas-tight  chamber  i itted  with  two 
1  1/2"  o.d.  quartz  view  ports,  and  two  adjustable  1/4"  o.d. 
water  cooled  tungsten  electrodes  with  chamfered  ends,  (Figure 
3).  The  sample  was  placed  as  a  resistor  between  these  elec¬ 
trodes  which  were  positioned  level  with  the  quartz  view 
ports.  Current  up  to  200  amps,  rheostatically  controlled, 
v.'as  passed  through  the  sample  to  effect  melting  and  an 
optical  pyrometer,  "sighted  in."  on  the  melting  zone  was 
used  to  measure  the  melting  points.  With  the  reservations 
indicated  below,  this  apparatus  appears  capable  of  determining 
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melting  points  of  ca_  3500°C  with  an  estimated  accuracy  at 
this  level  of  -450°C . 

The  refractory  sample  (approximately  1/8"  cube)  wos 
securely  wedged  between  the  chamfered  electrode  tips  to 
ensure  good  electrical  contact.  The  chamber  was,  then 
evacuated  to  approximately  200  microns  and  two  argon  purge? 
were  made.  After  back  filling  the  chamber  with  argon  to  a 
slight  positive  pressure  (25  mm  mercury ) ,  power  was  applied 
to  the  specimen  at  a  uniform  rate  and  the  temperature  in¬ 
crease  measured  continuously  up  to  the  melting  point  of  the 
material  to  ensure  the  best  possible  accuracy  at  the  in¬ 
stant  of  melting.  This  was  determined  as  the  point  at 
which  the  specimen  consolidated  as  a  globule  and  usually 
dropped  from  the  electrode  contacts. 

Some  reservations  must  however  be  made  for  the  absolute 
validity  of  data  obtained  by  this  procedure  since  it  does 
not  compensate  for  thermionic  emission  or  radiative  effects. 
Interanally  it  has  been  found  preferable  to  consider  melting 
point  data  thus  obtained  as  indicative  only  and  to  check 
apparently  anomalous  data  by  induction  heating  conjointly 
with  a  reference  "black  body",  of  drilled  graphite,  as 
pyrometer  sighting  location. 
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EXPERIMENTAL  RESULTS 

Gadolinium-Antimony  System.  Gadolinium-antimony 
compositions  here  prepared  at  first  by  the  direct  reaction 
technique,  followed  by  arc  melting.  In  later  work  however, 
preparation  was  effected  by  the  arc  melting  technique  only. 
Materials  prepared  by  both  methods  appeared  to  be  identical 
within  the  measurement  error  n*1  +10$  based  upon  standard¬ 
ization  of  Seebeck  emf  against  Pt-Pt  1  '<%  Rh  as  the  reference 
material. 

Tables  I  and  II  list  the  physical  chemical  and  elec¬ 
trical  data  determined.  Seebeck  output  values  are  also 
shown  graphically  m  Figure  4.  Because  of  sample  disruption 
it  was  not  found  possible  to  assemble  a  complete  resistivity 
composition  plot,  but  from  the  data  obtained,  it  would  appea 
that  the  3:2  composition  represents  a  disordered  phase  since 
the  higher  resistivities  in  this  region  cannot  be  Justified 
in  terms  of  valence  compositions.  Resistivity  values 
between  140  and  300  microhm-cm  obtain  through  the  system  at 
room  temperatures  and  the  relationship  of  room  temperature 
resistivity  and  melting  poinu  to  composition  is  shown  in 
Figure  5.  Figure  6  relates  resistivity  to  temperature  and 
composition.  It  is  clear  from  the  melting  point  curve  that 
a  complicated  band  structure  exists  in  alloys  of  the 
gadolinium-antimony  system.  The  relatively  low  values  for 
Seebeck  coefficients  and  the  high  electrical  conductivities 
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would  seem  also  to  confirm  that  the  bonding  is  complex  and 
semi-metallic  The  few  anomalies  apparent  in  variation  of 
Scebeek  coefficient  with  temperature  may  bo  attributable  to 
overlap  of  conduction  and  valence  bands  by  impurity  band3 
Because  it  is  obvious  from  the  peaking  of  resistivities  at 
ca_  30$  antimony  that  n  degree  of  ionic  binding  is  present, 
crystal  defects  in  the  samples  may  als^  function  as  impurities. 

Palo-  nium-Bismuth  System.  Gadoiii.ium-bismuth  compounds 
wore  initially  prepared  using  a  combination  of  the  direct 
reaction  procedure  f  llowed  by  arc  melting.  However,  as  m 
the  gadolinium-antimony  system,  a  second  series  of  gadolinium- 
bismuth  compositions  was  prepared  using  the  arc  melting 
1 echn  quo.  Analysis  of  products  of  both  methods  of  preparation 
indicated  identity  of  composition. 

Tables  III  and  IV  and  Figures  7,  8  and  9  present  the 
data  obtained  in  this  system. 

The  relatively  smooth  curve  for  melting  points  m  this 
system  suggests  a  simple  variation  in  energy  gap  with 
average  molecular  weight;  the  steep  increase  m  resistivity 
at  ca_  50$  gadolinium  suggests  however,  the  development  of  a 
high  degree  of  ionic  bonding  in  this  area  and  it  is  possible 
that,  as  well  as  the  stoichiometric  GdBi  at  42.  6$  Gd,  a 
GdrrBi^  exists  at  55.2$  Gd,  with  the  bismuth  moiety  assuming 
its  pentavalent  state.  Although  the  range  of  resistivity 
values  attained  with  compositional  change  is  not  wide,  ca 
150-500  microhm-cm  at  30°C,  nevertheless  the  variations  which 
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do  occur  are  in  keeping  with  the  above  concepts  as  well  as 
with  the  probability  that  GdBig  exists  as  an  ordered  inter- 
metallic  structure.  The  general  instability  of  compositions 
in  this  aytem  -  rapid  oxidation  and  hydrolysis--milita tes 
however  against  their  further  consideration  in  the  present 
context . 

Gadolinium-Selenium  System.  Compositions  in  the 
gadolinium  selenium  system  were  prepared  by  the  vapor 
diffusion  reaction  technique,  followed  by  arc  melting  to 
improve  physical  homogeneity.  Tables  V,  VI  and  VII  and 
Figures  10  to  15  present  the  experimental  data  obtained  on 
these  systems. 

Because  of  the  highly  significant  Seebeck  emf's  and 
resistivities  obtained  through  this  series  (up  to  700  micro 
volto/°C  and  as  low  as  219  nicrohm-cm  respectively)  a 
deeper  study  was  made  of  the  processing  variables  in  this 
system,  the  extent  and  value  of  doping  with  copper  and  the 
preparation  chemistry  of  the  materials.  The  chemistry  of 
that  part  of  the  system  examined  has  been  presented  in  a 
paper  submitted  for  publication  and  reproduced  here  as  the 
Appendix. 

It  wouid  seem  significant  that  the  gadolinium-selenium 
system  is  the  only  one  studied  which  presents  resistivity 
values  of  any  magnitude.  Also,  it  is  the  only  system 
attaining  high  Seebeck  coefficients.  The  moderate  tendency 
for  resistivities  to  parallel  thermal  emf  (Tables  VI  &  VII) 
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is  suggestive  of  simple  model  semiconductor  characteristics. 
These  will  be  considered  further  in  the  final  discussion. 

In  earlier  work  which  hod  produced  materials  of  low 
resistivity  and  high  Seebeck  output,  copper  had  been  found 
present  in  concentrations  above  "trace"  levels;  doping  with 
this  element  was  therefore  examined  since  it  was  suspected 
that  Gd-joOj  in  stoichiometric  single  phase  would  be  an 
intrinsic  semiconductor  and  hence  valueless  for  therm  ele- 
tric  purposes.  However  with  copper  present,  an  excess  of 
"vacancies"  would  de;elop  wmeh  would  reduce  lattice  thermal 
conductivitv  by  increasing  phonon  scattering. 

Later  work  showed  this  assumption  of  the  value  of  cop¬ 
per  to  be  incorrect  and  that  the  major  influence  in  this 
area  appears  to  be  that  exerted  by  the  GdSe  compound  and 
its  association  with  the  stoichiometric  GdgSc-,.  Because  of 
this  and  earlier  lack  of  knowledge  of  the  phase  construction 
of  the  gadolinium-selenium  system,  attempts  to  correlate 
resistivity  with  composition  are  abortive.  Further  studies 
should  be  made  of  the  gadolinium-selenium  system  and  the 
interrelationship  of  its  thermoelectric  value  with 
GdSe/Gd2Se^  ratio. 

The  effects  of  copper  and  processing  ''enables  are 
shown  in  Tables  VI  and  VII,  the  data  for  which  were  derived 
on  the  following  basis: 

A  400  gram  batch  of  vapor-reacted  Gd2Se^  material 
was  prepared  and  thoroughly  blended  to  insure  a 
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homogeneity  so  that  comparative  values  might  be 
obtained  for  the  entLre  processing  evaluation. 

The  following  list  indicates  the  variable  parameters 

examined : 

A.  Vapor  reacted  material  sintered  at  1500°C  in  a  5  p.s.i. 
argon  atmosphere. 

B.  Vapor  reacted  material  sintered  at  1500°C  in  a  200  micron 
atmosphere. 

C.  Vapor  reacted  material  arc-melted  on  a  copper  hearth 
plate. 

D.  Vapor  reacted  material  with  0.1#  copper  added  sintered 
at  1500°C  in  a  5  p.s.i.  argon  atmosphere. 

E.  Vapor  reacted  material  0.5#  copper  sintered  at  1500°C 
in  a  5  p.s.i.  argon  atmosphere. 

F.  Vapor  reacted  material  1#  copper  sintered  at  1500°C  ir 
a  5  p.s.'l.  argon  atmosphere. 

G.  Vapor  reacted  material  0.5#  copper  sintered  at  1500°C 
in  a  200  micron  atmosphere. 

H.  Arc  melting  on  a  tantalum  hearth  plate  of  a  vapor  re¬ 
acted  material  sintered  at  1500°C  in  a  200  micron 
atmosphere . 

I.  Vapoi  reacted  material  melted  in  tantsmm  1  r.  a  5  p.s.i. 
argon  atmosphere. 

*  J.  Vapor  reacted  material,  cast  in  graphite. 

*  K.  Vapor  reacted  material,  sintered  at  l400°C  in  argon, 

*  L.  Vapor  reacted  material,  sintered  at  l600°C  in  argon. 
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**  M.  Vapor  reacted  material,  arc  melted. 

**  Vapor  reacted  material,  cast  in  graphite. 

”  *  0.  Vapor  reacted  material,  hot  pressed. 

P.  Vapor  reacted  material,  arc-melted  (GdgSe^) 

Q.  Vapor  reacted  material,  arc-melted  (Gd^Se^) 

R.  Vapor  reacted  material,  arc-melted  (GdSe) 

J.  K.  Sc  L.  material  prepared  with  3$  excess  selenium 
present  during  vapor-solid  reaction. 

**  M.  N.  Sc  0.  materials  prepared  with  stoichiometric  ratios 
present  during  vapor-solid  reaction. 

In  absence  of  classical  metallographic  and  X-ray  studies 
on  these  materials,  no  direct  correlation  can  be  made  of 
electrical  characteristics  with  composition.  However, 
assuming,  possibly  invalidly,  that  the  material  studied 
represented  a  homogeneous  phase.  It  would  appear  that 
resistivity  values  can  be  increased  by  sintering  or  arc 
melting  the  vapor-reacted  composition.  When  this  treatment 
is  conducted  in  vacuum,  Seebeck  outputs  of  the  products  also 
increase  -  possibly  due  to  minor  loss  of  volatile  components. 

Copper  "doping"  between  0.1  and  1%  has  little  or  no 
effect  upon  Seebeck  coefficient  or  resistivity.  Although 
selenium,  in  excess  ever  stoichiometry  during  initial  re¬ 
action  would  seem  to  increase  both  Seebeck  and  resistivity 
values,  in  general,  mild  variations  m  composition  from  that 
of  2:3  compound  load  to  both  lower  Seebeck  coefficients  and 
resistivities . 
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Gadolinium-Silicon  System.  The  direct  reaction  pro¬ 
cedure  only  was  used  in  this  aeries  of  preparations.  Arc 
melting  was  unnecessary  os  the  melting  points  of  the  com¬ 
pounds  formed  were  sufficiently  low  that  complete  melting 
was  attained  in  the  Kinney  F-9  furnace  with  direct  formation 
of  homogeneous  Ingots. 

Tames  VIII  and  IK  list  the  data  obtained  for  composi¬ 
tions  it.  u.ie  gadolinium-silicon  system.  Seobeck  outputs 
(20-30  micro  volts/°C)  are  also  shown  in  Figure  16.  Plots  of 
resistivity  vs  corn  citiori  and  temperature  (ngures  17  &  18) 
show  clearly  the  development  of  tonicity  at  ihe  stoichiometric 
composition  Gd^Si^.  Resistivity  values  (900  microhm-cm  at 
200°G )  for  this  composition  exceed  those  of  adjacent  composi¬ 
tions  by  factors  of  two  oi  irec  and  Seebeck  outputs  are  lower 
at  this  composition.  ^he  smooth  variation  in  melting  point" 
(Table  VIII)  indicates  a  simple  band  structure. 

Gadolinium-Phosphorus  System.  As  indicated  above,  we 
were  unsuccessful  in  preparing  the  16.5$  P  (GdP)  composition 
required  for  examination.  The  several  processing  techniques 
employed  have  been  given  previously.  Table  X  and  Figures 
19  and  20  compare  composition  with  Seebeck  output  and  re¬ 
sistivity  data  at  varying  temperatures.  Because  of  obvious 
impurity  levels  however  no  attempt  has  been  made  to  establish 
a  theoretical  assessment  of  the  system.  The  gadolinium- 
phosphorus  system  in  the  low  phosphorus  range  appears  very 
stable  and  refractory  with  melting  points  ranging  from 
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1900  -  2800°C  depending  upon  phosphorus  content. 

Gadolinium-Boron  System.  The  two  compounds  required 
Tor  this  system,  (GdB'4  and  GdBg)  were  prepared  using  the 
standard  arc  melting  procedure.  The  buttons  were  each  melted 
three  times  to  ensure  a  homogeneous  structure.  Data  obtained 
on  this  system  are  reported  in  Tables  XI  and  XII  and  Figures 
21  and  det.  It  can  clearly  be  seen  that  wh1  •  e  Seebeck  outputs 
for  both  sj stems  are  almost  identical,  tnc  iitxaboride  has  a 
much  lower,  low  temperature  resistivity  than  the  tetraboride. 

Hafnium-Silico’-  System.  Compounds  in  this  system  were 
also  prepared  using  the  standard  arc-melting  procedure, 
homogeneity  of  structure  being  ensured  by  melting  each  com¬ 
position  2  or  3  times.  Data  obtained  are  shown  in  Tables 
XIII  and  XIV  and  Figures  23  and  24.  Resistivities  seem 
generally  to  decrease  with  increasing  silicon  content  but 
until  the  HfSi2  composition  is  reached,  this  has  no  effect 
upon  Seebeck  output. 

Hafnium-Boron  System.  Compounds  were  prepared  us  ng 
the  standard  arc-melting  procedure.  Due  to  its  highly  re¬ 
fractory  nature,  considerable  more  difficulty  was  encountered 
in  arc  melting  the  hafnium-boron  system  than  in  the  hafnium- 
silicon  system.  Three  to  four  melts  were  required  to  form 
homogeneous  structures  suitable  for  examination.  Table  XV 
and  Figure  25  present  data  obtained  tvhich  show  consistent  but 
low  Seebeck  output  values.  Brittleness  prevented  determina¬ 
tion  of  most  resistivities. 


-30- 


RC  145 


DISCUSSION 

Attention  will  be  devoted,  in  this  discussion,  to  the 
observations  on  electrical  properties.  Examination  of  the 
tables  and  graphs  reveals  that  most  of  the  materials  con¬ 
sidered  have  electrical  resistivity  and  Seebeck  coefficient 
values  an  a  range  which  is  rather  common  for  semi -metals  an'1 
semi  -metal'1  ic  compounds  -  about  30  to  500  mici'ohm-cm  for  the 
resistivity  and  perhaps  10  to  30  microvolts  per  degree  C 
for  the  Seebeck  coefficient.  The  n.ngrutuuea  of  buth  of 
these  quantities  are  consistent  with  a  situation  in  which 
a  conduction  band  contains  a  very  considerable  number  of 
carriers,  but  not  as  many  as  in  an  ordinary  metal.  This 
could  be  brought  about  by  overlapping  of  valence  and  con¬ 
duction  bands,  or  by  a  very  heavy  degree  of  doping  from 
impurities,  lattice  imperfections,  and  lack  of  stoichiometry. 
In  any  of  these  coses  the  Fermi  energy  wou^d  lie  in  a  region 
with  a  fairly  high  density  of  electronic  states  and  thus 
would  not  shift  rapidly  with  temperature.  The  temperature 
dependence  of  the  resistivity  would  be  dominated  by  the  de¬ 
crease  of  carrier  mobility  (causing  on  increase  of  resis¬ 
tivity!  with  temperature.  An  increase  of  resistivity  with 
increase  of  temperature  is  observed  in  almost  all  cases, 
(Gd2Sc^  is  an  exception  which  will  be  considered  below). 

The  dependence  of  Seebeck  coefficient  on  temperature  is  more 

complex  because  there  is  an  opposition  between  the  contri¬ 
butions  of  positive  and  negative  carriers.  With  carriers  of 
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both  signs  present,  as  there  may  well  be  in  many  of  these 
specimens,  complicated  shifts  of  compensation  with  tempera¬ 
ture  would  be  expected.  The  experimental  results  yield  no 
obvious  systematic  trend  in  cne  variation  with  temperature, 
which  is  in  accord  wit  this  argument. 

It  should  be  noted  that  the  purity  obtained  in  these 
refractory  materials  is  very  low  by  the  standards  of  modern 
semiconductors,  and  the  variability  between  specimens  of  the 
same  nominal  composition  is  high. 

From  an  electrical  and  thermoelectric  standpoint,  the 
most  interesting  ^ucstance  uncovered  is  gadolinium  selenide 
and  there  is  evidence  that  this  material  should  be  classed 
as  a  semiconductor.  The  mo3t  striking  difference  between 
it  and  all  the  other  materials  investigated  here  is  the 
high  resistivity  and_  higher  Seebeck  coefficient.  The 
former  is  higher  by  one  to  three  orders  of  magnitude,  and 
the  latter  is  higher  by  about  one  order  of  magnitude. 

Reasons  why  this  material  should  be  more  of  a  semiconductor 
than  the  others  are  not  entirely  clear,  although  it  should 
be  noted  that  the  composition  corresponds  to  the  principal 
valence  of  both  ingredients. 

Among  the  various  samples  of  gadolinium  selenide  there 
•lo  also  a  tendency  ikr  the  samples  of  higher  resistivity 
to  have  higher  Seebeck  coefficients.  One  example  is  the 
pair  of  specimens  P  and  R.  Also  the  highest  resistivity 
of  all  in  specimen  J  (l  ohm-cm  at  200°C )  and  this  had  one 


-32- 


RC  145 


of  the  highest  thermoelectric  powers  (500  micro  volts  per 
degree  at  the  same  temperature).  Although  it  is  quite 
impossible  to  infer  the  band  structure  of  this  material 
from  such  limited  data,  ""d  although  its  very  low  purity 
and  polycrystallinity  make  it  risky  to  push  too  far  an 
analysis  in  ordinary  semiconductor  terms,  it  is  suggestive 
to  consider  a  simple  semiconductor  model  in  comparison  with 
these  results.  Thus,  consider  a  semiconductor  in  which  one 
kind  of  charge  carrier,  moving  in  one  hand,  predominates, 
if  this  carrie  has  moDility  >i,  and  is  present,,  at  tempera¬ 
ture  T,  in  concentration  n  (carriers  per  unit  vo  ume),  then 
the  electrical  resistivity />ls  given  by 


i 

s-nyA 


(1) 


Hereeis  the  charge  on  an  electron.  If  it  is  also  assumed 
that  the  predominant  scattering  mechanism  leads  to  a  mean 
free  path  for  the  carriers/^related  to  the  kinetic  energy 
of  the  carrier  £  by  the  law 


(2) 


where  r  is  an  exponc.it  characterizing  the  scattering,  the 
Seebeck  coefficient  is  given  by 
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Here  k  is  Boltzmann's  constant,  h  is  Planck's  constant,  and 
m*  is  the  effective  mass  of  the  carriers.  The  sign  in  front 
of  this  expression  is  determined  by  whether  the  carriers  are 
p  or  n  type.  Note  that  /-l  V/  C  which  indicates 

the  general  scale  of  Soebeck  coefficient.  The  scattering 
law  (2)  gives  mobility  proportional  to  Tr  ^4  ,  so 

equation  (l)  can  be  rewritten  now  as 


I 

r,JY  -  i/i 


(4) 


Equation  (3)  shows  that,  other  things  being  equal,  the 
Seebeck  coefficient  increases  with  lowering  of  carrier 
density,  n.  This  is  precisely  why  metals  have  very  low 
Seebeck  coefficients  and  semiconductors  generally  have 
relatively  high  coefficients.  In  a  simple  semiconductor 
the  carrier  concentration  at  a  given  temperature  varies 
enormously  with  level  of  doping  (or  purity).  Equation  (4) 
shows  that  this  may  make  a  very  large  difference  in  resis¬ 
tivity,  and  since  n--*-  entere  resistivity  >/>>  directly, 
whereas  it  enters  Seebeck  coef f icient , ob ,  only  under  a 
logarithm,  the  variation  of  resistivity  with  doping  will 
be  much  more  rapid  than  tne  variation  of  Seebeck  coefficient. 

It  is  now  a  plausible  hypothesis  that  the  chief  dif¬ 
ference  in  the  different  specimens  of  gadolinium  selenide u 
is  the  effective  value  of  n,  caused  by  differences  in  purity 
(structural  as  well  as  chemical).  One  notices  that  the 
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range  of  resistivity  between  different  specimens  is  much 
larger  than  the  range  of  Seebeck  coefficient.  Also  the 
tendency  of  resistivity  and  Seebeck  coefficient  to  be  large 
in  the  same  specimens  i.s  explainable  in  this  simple  fashion. 

The  temperature  dependence  of  electrical  resistivity 
arises  because  both  n  and  /i  (equation  l)  vary  WLth  tempera¬ 
ture.  In  typical  extrinsic  semiconductors,  the  most  import¬ 
ant  dependence  is  in  n.  which  increases  with  temperature 
approximately  like  an  exponential  of  -  Z-j  hT 
where  E  is  an  activation  energy.  In  highly  doped  or  ex¬ 
trinsic  semiconductors,  on  the  other  hand,  n  changes  much 
more  slowly  with  T,  and  /u,  which  generally  decrease*  with 
increasing  T,  can  dominate,  causing  a  net  increase  of  re¬ 
sistivity  with  T.  This  may  be  what  is  occuring  in  some  of 
the  specimens  of  gadolinium  seleniae  reported  on  here. 

The  temperature  dependence  of  Seebeck  coefficient,  in 
the  simple  model,  arises  because  of  the  temperature  de¬ 
pendence  of  n  (and  also  possible  of  r),  as  well  as  from 
the  explicit  appearance  of  T  in  equation  (3).  There  are 
thus  many  possible  trends,  ar.d  the  data  presented  do  not 
seem  to  have  a  simple  interpretation. 

*  With  the  scattering  law  [2) , yU  ^  J1'  ~il3-  .  Mobility  will  then 
decrease  with  increasing  T  unless  r-  -*3, k ■  Such  large 
values  of  r  occur  with  scattering  by  impurity  ions,  but  in 
no  other  important  case. 
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In  addition,  it  must  bo  remembered  that  the  simultaneous 
presence  of  carriers  of  opposite  sign  complicates  the  theory 
of  Seebeck  coefficient  and  introduces  further  possible 
variability  impurities  and  imperfections,  the  bands 
themselves  are  altered  oy  the  impurities  and  a  simple  semi¬ 
conductor  model,  which  assumes  (rigid)  bands  subjected  to 
varying  degrees  of  filling,  is  Inapplicable.  In  the  absence 
of  proof  of  the  existence  of  this  situation,  it  seems  best 
to  attempt  to  correlate  observations  with  simple  models. 
Tursuing  this  course  to  a  satisfactory  conclusion,  however, 
will  require  more  work  to  produce  material  of  high  and  con¬ 
trollable  purity,  and  measurements  of  other  parameters, 
particularly  Hall  effect  and  optical  properties. 

On  a  more  phenomenological  basis  also,  it  is  clear  that 
much  has  yet  to  be  done  to  determine  the  precise  compositions 
or  compounds  in  the  gadolinium-selenium  systems,  which  yield 
optimum  thermoelectric  parameters.  For  example  it  has  been 
shown  that  a  variation  of  ca.  0.5$  selenium  from  the  Gd^Se^ 
composition  reduces  by  some  75-80$  the  output  obtained  from 
the  2:3  compound. 

Again,  it  would  seem  significant  that,  in  the  gadolinium- 
r.eleniuffi  system,  maximum  thermoelectric  voltages  at'e  obtained 
at  or  near  the  composition  equivalent  to  GdgSe^.  The 
significance  is  associated  with  contemporary  magneto-structural 
studies  in  these  laboratories  wherein  it  has  been  found  that 
2:3  intermetallic  compounds  of  the  rare  earths  which  adopt 
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large  cubic  cell  lattices  present  "anomalous"  variations  in 
properties.  For  example  GdoFe^  and  Gd2Co3  have  lar6e  cub:lc 
cells  and  present  high  maxima  of  magnetic  moments.  No 
Gd2Ni3  compound  exists  and  at  this  composition  in  the 
gadolirium-nickel  alloy  system  magnetic  moment  is  vanishingly 
small.  Similar  "anomalies"  have  been  found  in  other  rare 
earth  systems  and  much  interest  is  being  evoked  in  these 
laboratories  aimed  at  developing  a  structural  theory  to 
account  for  these  phenomena. 

If  one  considers  "normal"  rare  earth  compounds  such  as 
R203,  R2(S04)3,  R2(C03)3,  etc.,  the  bonding  type  is  found 
to  be  almost  completely  ionic.  In  rare  earth  metalloid 
systems  a  newer  type  of  bonding  occurs  which  is  almost 
purely  covalent  except  when  2:3  compounds  oan  be  prepared 
and  here,  when  a  cubic  structure  obtains,  the  bonding  appears 
almost  to  "resonate"  between  ionic  and  metallic  i.e.  one 
R-M  bond  will  be  metallic  and  another  ionic.  Such  a  "mixed1, 
bond  system  will  inevitably  involve  different  orbital  levels 
and,  must  therefore  have  marked  effects  upon  electron  inter¬ 
actions,  energy  levels  and  bond  widths.  Full  elucidation  of 
theory  is  as  yet  incomplete  and  indeed  the  hypothesis  may  be 
immature,  nevertheless,  sufficient  is  known  to  suggest  that 
cubic  2:3  compounds  may  present  characteristics  completely 
variant  from  "norm"  behavior. 

Such  a  variation  may  be  structurally  responsible  for 
the  significant  Seebeck  and  resistivity  values  found  for 
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the  GdgSe^  compound. 

J 

Again  in  contemporary  studies,  indications  have  been 
found  that  replacement  of  gadolinium  in  gadolinium  selenide 
by  other  lanthanons  will  lead  to  increased  values  for 
Seebeck  coefficient  and  resistivity  with  increase  in  atomic 
weight  Refractoriness  would  also  appear  to  increase 
similarly.  No  data  have  been  obtained  cn  e.e.  Sc2Se2  or 
YoSe^  and  it  is  felt  that  for  fuller  appreciation  there 
should  be  examined  the  replacement  of  gadolinium  in 
gadolinium  selenide  Vy  uther  members  of  the  rare  earth 
series . 

It  may  be  found  that  e.g.  neodymium  selenide  has  a 
functional  optimum  over  the  range  100°-600°C  and  that 
dysprosium  selenide  produces  high  outputs  from  500°-l500°C; 
the  possibility  thereby  may  exist  that  (Nd  Dy)2Se^  will  be 
functional  over  a  very  wide  range.  That  the  rare  earth 
metals  are  highly  soluble  in  each  other  suggests  immediately 
the  possible  preparation  of  materials  of  almost  any  desired 
average  conduction  band  width. 
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APPENDIX 

OBSERVATIONS  ON  SOME  GADOLINIUM-SELENIUM  COMPOUNDS 
By  H.  M  Muir  V  F.  Novy,  and  R  C  Vickery 


Studies  are  in  prepress  in  these  laboratories  on 
the  thermoelectric  and  semi-conductor  properties  of  some 
gadolinium  interrneta llic  compounds  and  these  have  neces¬ 
sitated  tentative  delineation  of  phase  parameters.  Pre¬ 
sented  here  is  a  preliminary  report  resulting  from  this 
work,  on  that  portion  of  the  gadolinium-selenium  system 
between  50  and  70  atomic  $  selenium,  i.e.,  correspond¬ 
ing  to  the  region  of  GdSe,  GdgCo^  and  GdSeg  intermet- 
aliic  compound  formation. 

Tn  recent  studies,  rare  earth-selenium  "compounds" 
have  been  interpreteJ  from  the  standpoint  of  ionic 
stoichiometry  1  The  semi-conductor  nature  of  some 
analogous  rare  earth  compounds3  suggests,  however,  that 
the  selenides  are  not  wholly  ionic  entities  but  are 
probably  intermetailic  in  nature  and  possess  a  degree 
of  covalent  bonding. 


EXPERIMENTAL 


The  compositions  reported  here  have  been  pre¬ 
pared  by  a  two  state  technique.  An  initial  vapor 
phase  reaction  is  affected  between  appropriate  amounts 
of  gadolinium  and  selenium  in  a  length  of  1/2"  OD 
Vycor  tubing.  After  sealing  one  end  of  the  tube,  gad¬ 
olinium  metal  (99.8$  purity)  is  introduced  i n  the  form 
of  chips  of  approximately  1/32"  cube  size.  A  constric¬ 
tion  is  then  drawn  by  melting  the  tube  above  the  metal 
chips  and,  after  cooling,  selenium  metal  (99.9#  grade) 
in  1/16"  dia.  pellets  is  introduced  above  the  constric¬ 
tion.  Direct  'olid  contact  of  the  reactants  is  thus 
prevented.  Af^er  evacuating  the  system  the  open  end  of 
the  tube  is  sealed  off  and  the  whole  is  inserted  into 
a  tubt  combustion  furnace.  The  furnace  temperature  is 
then  slowlv  increased  at  a  rate  approximating  IOC' C 
per  hour  up  to  900c'C.  This  temperature  is  maintained 
for  24  hours  and  the  system  then  allowed  to  cool  to 
room  temperature  at  approximately  200°C  per  hour. 

Reaction  between  gadolinium  metal  and  selenium  normally 
becomes  explosively  exothermic  at  ca_  500°C;  by  using 
the  gradual  heating  technique  indicated  however,  sug- 
ficlent  selenium  appear-3  to  be  absorbed  by  the  gadolinium 
before  this  point  is  reached  and  the  reaction  then  becomes 
controllable. 
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From  this  reaction,  the  compositions  are  obtained 
os  powders.  These  are  consolidated  by  pressing,  at 
15,000  psi.,  into  pellets  approximately  1-1/4"  dia.  by  1 
1/2"  thick.  From  this  point  treatment  involves  either 
sintering  in  a  Kinney  F9  high  vacuum  furnace  at  1650  - 
1T00°C,  or  arc  melting  under  argon  with  a  non-consumable 
tungsten  electrode  against  a  water-cooled  copper  hearth. 

Using  -200  mesh  powders  of  the  materials  prepared, 
K-ray  dif fractograms  have  been  obtained  through  a  GE 
XRD-5  diffractometer  employing  nickel-f ilter.ed  copper 
radiation.  All  materials  prepared  were  friable,  and 
annealing,  after  comminution,  for  relief  of  stresses, 
was  found  to  Le  necessary 

Resistivity  and  Seebeck  coefficient  values  have  been 
obtained  on  samples  approximately  l.  25  x  0.6  x  0.6  cm.  For 
resistivity  determination,  the  samples  are  inserted  into  a 
Vycor  tube  and  sent  firmly  against  four  externally 
spring  loaded,  stainless  steel  electrodes.  The  two  outer 
electrodes  supply  the  current  from  dry  cells  (100-300  ma 
range)  and  measurements  are  made  from  the  two  inner  elect- 
r  ies  through  a  Kintel  electronic  galvanometer.  Accuracy 
of  is  felt  to  be  obtained. 4, 5 

For  measurements  at  elevated  temperatures,  a  non- 
cenductive  Kanthal  wire  heater  is  used  as  the  heat  source 
aril  is  controlled  to  -  1°C  over  the  entire  heating  range 
through  a  Wheelco  unit.  The  heating  chamber  is  purged 
continuously  with  argon  gas  and  no  contact  contamination 
has  teen  observed  thus  far  with  temperatures  up  to  1000°C 

In  determination  of  Seebeck  coefficients,  the  samples 
are  placed  with  their  polished  sides  between  two  platinum 
plate  electrodes  which  are  maintained  in  firm  contact  with 
the  specimen  by  pressure  from  stainless  steel  rods,  ex¬ 
ternally  spring-loaded.  The  whole  unit  is  contained  in  a 
Vycor  tube  through  which  argon  is  passed  continuously 
during  the  heating  and  cooling  cycle. ^ 

An  alumina  thermocouple  sheath  containing  a  chromel/ 
alumel  'cnermocouple  is  inserted  through  the  center  of  each 
stainless  s^eel  red  and  extended  to  the  platinum  electrodes. 

A  separate  cold  junction  is  used  for  each  thermocouple  em- 
ployed  for  measuring  the  thermal  gradient  through  the  sample. 
The  heat  source  is  a  nichrome  wound  wire  heater  assembled 
around  the  Vycor  tube. 

The  platinum  electrode  assembly  appears  to  be  function¬ 
ing  satisfactorily  at  temperatures  up  to  1000°C  and  has 
shown  no  evidence  of  contamination.  A  switching  circuit 
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in  provided  to  allow  the  rapid  routing  of  both  chromel/ 
alumel  thermocouples,  as  well  as  Seebeck  emf,  to  a  Kintel 
electronic  galvanometer..  Again,  accuracy  of  measurements 
is  felt  to  be  *  5$. 

Magnetic  susceptibilities  have  been  determined  by 
using  equipment  previously  described^  in  which  a  trans¬ 
ducer  measures  the  f  _ce  exerted  on  the  sample  m  a  magnetic 
field  of  known  magnitude. 

Standard  techniques  have  been  used  for  chemical 
ana  lysis . ' 


DATA  OBTAINED 

In  addition  to  the  precise  physical  measurements  made, 
' eaction  products  were  examined  melalloeraphically .  Such 
studies,  allied  w^h  preparative  uato,  suggested  strongly 
that  Gd2.h<  is  tne  most  stable  composition  of  that  part 
of  the  system  studied  and  probably  of  the  whole  Gd-Se 
System.  All  preparations  containing  more  than  50$  selenium 
after  the  vapor  phase  reaction  liberated  selenium  vapor 
upon  subsequent  heating  in  air,  argon,  or  vacuum,  and 
resolved  to  the  2:3  composition  at  temperatures  ca  700  - 
750°C.  The  crystal  structure  assigned  to  Gd2Se2-Tbelow ) 
did  not  appear  in  X-ray  d if f ractograms  of  materials 
prepared  below  about  750°C.  When  once  this  structure 
had  been  established  by  arc  melting  or  sintering  at 
1400°C  it  persisted  at  low  temperatures  and  showed  no 
signs  of  disruption  after  several  thermal  cyclings. 

A  temperature  in  the  range  TOO  -  750°C  appears  to  be 
the  limit  of  thermal  stability  of  GdSeo.  Above  these 
temperatures  it  too  decomposes  to  yield  the  2:3  comoound 
and  free  selenium  vapor.  At  compositions  below  the  2:3 
ratio  only  one  compound  has  been  observed,  that  of  GdSe. 

A  preparation,  slightly  on  the  gadolinium-rich  side  of 
Gd0Se-3,  heated  at  1380°C  1’or  a  short  period,  exuded  a 
liquid  material  shown  meta llographica ] ly  to  be  a  eutectic. 
This  material  contained  60$  Gd  i.e.,  the  theoretical  re¬ 
quirement  of  Gd3Se^. 

GdSe :  This  compound  appears  to  melt  at  approximately 
l450cC.  X-ray  dif f ractometry  shows  the  compound  to  be 
isomorphous  with  the  other  rare  earth  monoselenides 
examined  by  Klemm  and  Koczy.®  Data  obtained  indicates 
the  probable  structure  to  be  as  follows: 
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Bl  (NaCl)  structure 

Cubic:  05  -  F  mzm 

o0  -  5.758A;  X-ray  density  =  8.2 

Unit  ''olume  =  190.9A'  Z=4 


Each  selenium  atom  is  believed  to  be  surrounded  by 
six  gadolinium  atoms  at  the  vertices  of  a  regular  octahedron 
From  the  unit  cell  size  the  Gd-Se  distance  was  calculated 
to  be  2.88a  and  Gd-Gd  5.76A.  The  cell  parameter  is  smaller 
than  the  theoretical  distance  of  B.9?A  required  for  atomic 
radii  of  1.79  for  Gd  and  1.17  for  Se  This  contraction 
is  attributed  to  the  development  of  covalent  character¬ 
istics  and  represents  a  decrease  of  4%  in  the  Gd  radius, 
assuming  that  of  So  tu  remain  unaffected. 

Separation  of  the  gado’inium  atoms  by  selenium  is  of 
such  nature  that  anything  except  long  range  Van  der  Waals 
forces  between  them  can  be  discounted. 

GdoSe^:  No  evidence  has  been  found  for  the  separate 
exist chs c— rf  a  compound  cf  this  composition.  At  1380°C  a 
eutectic  is  found  of  the  1:1  and  2:3  compounds  which 
corresponds  to  this  composition.  At  low  temperatures  as 
will  be  indicated  below,  this  composition  is  believed  to 
represent  the  point  at  which  selenium  atoms  occupy  all 
interstital  sites  m  the  cubic  GdSe.  With  the  introduction 
of  more  selenium  into  the  system  at  low  temperatures,  the 
structure  then  converts  and  distorts  to  that  of  the 
orthorhombic  GdSeg. 

A  disorcered  structure  of  the  GdSe  -  Se  interstitial 
form  would  correspond  to  the  Th3Pi|  type,  (D73)  Tg  -  143d, 
in  which  10-2/3  gadolinium  atoms  would  randomly  occupy 
the  thorium  positions.  Meta llographic  and  X-ray  evidence 
shews  that  such  a  structure  cannot  be  isomorphous  with 
that  found  for  the  GdgSe^  compound. 

GdgSeo:  This  compound  is  apparently  the  most  stable 
cf  thtr'jypt'em  as  thus  far  examined.  It  melrs  congruently 
at  ca  1750°C  and  crystallizes  in  b.c.c.  form  with  ac  =  8.71A 

In  the  ordered  assembly  postulated  for  this  compound, 
a  degree  of  covalent  bonding  between  Gd-Se  atoms  is  again 
suggested.  The  Gd-Gd  distance  is  4.072A  and  that  of  Gd-Se 
less  tnan  the  theoretical  2.96A.  A  tight  packing  of  the 
selenium  atoms,  which  may  assume  the  selenium  spiral, 
indicates  ionic  bonding  between  these  a'oms. 
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G!Sc2:  Least  stable  of  the  compounds  found  In  the 

region'  'examined,  this  decomposes  above  200cC  and  grad¬ 
ually  loses  selenium.  If  maintained  at  a  temperature  of 
cq  500°C  for  a  prolonged  period,  resolution  to  GdSe  and 
oe  vapor  is  complete.  If  heating  is  rapid  and  the  temp¬ 
erature  is  raised  rapidly  to  ca_  700  -  750  C,  Gd2Se2  is 
formed  with  Se  vapor,  ^e  compound  may  therefore  Be  con¬ 
sidered  as  deriving  from  interstitial  emplacement  of 
selenium  in  the  GdSe  lattice.  The  compound  prepared  at 
low  temperatures  has  an  orthorhombic  typo  structure  with 
a0:  7  27A  b0 :  4.03A  c0:  8.30A.  Isomorphism  is  believed 

for  this , structure  with  that  reported^  for  ThSeg  -  C23 
type  (Dte  --  pnma )  and  attempts  are  now  being  made  to 
pro pa  re  this  compound  in  eingle  crystal  form  for  closer 
examination. 

Electrical  Measurements:  Resistivity  and  Seebeclc 
coefficient  va  lues  ~c  bta  i  neef  through  the  series  ana  shown 
in  Table  1,  confirm  x.iaicatlons  previously  given3  of  semi¬ 
conductor  characteristics  for  rare  earth  chalcogemdes . 

This  in  turn,  is  suggestive  of  a  degree  of  covalent  bonding 
in  the  compounds  found.  Preliminary  measurements  of  Hal' 
effect  confirm  this,  showing  p  type  conductivity  with 
mobilities  of  the  order  previously  reported. 3 

TABLE  I 

MAGNETIC  AND  ELECTRICAL  PROPERTIES  OF  GADOLINIUM 

SELSN1DES 

Seebeck 


Compound 

Xm  x  106 
(e.g.s  ) 

*%?if 

Resistivity 
(Microhm-cm). 
200°C  6oouc 

Co?^ 

200°C 

ient 

c) 

6co°c 

GdSe 

934 

0.34 

180 

233 

22  0 

18.0 

Gd2Se3(l) 

100 

0  10 

- 

- 

- 

- 

(2) 

566 

0.40 

37  000 

48  000 

278 

423 

(3) 

1310 

i.70 

1300 

43  000 

350 

422 

GdSeo 

4760 

0. 13 

64oo 

1 2  500 

150 

205 

1.  Direct  vapor  reaction  product  (900°C) 

2.  Reaction  product  from  (1),  sintered  (1700°C). 

3.  Reaction  product  from  (l),  arc  melted  (3000°C). 
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Magnetic  Data:  Room  temperature  susceptibilities  and 
Bohr  magneton  numFers  obtained  by  studies  at  low  temperatures 
are  also  shown  in  Table  1  Where  similar  compositions  have 
been  prepared,  good  agreement  is  found  with  data  of  previous 
workers,  >3  Of  specific  interest  are  the  data  shown  for 
Gd2Seo  at  different  preparation  temperature  levels.  These 
would  seem  to  confirm  to  a  mild  degree,  the  assertion  of 
Benaceraff  et  al1  that  ~d2Se  can  exist  in  two  modifications. 
However,  X-ray  dil’fractometry  has  not  discerned  such  a  dual 
entity  and  the  possibility  must  be  considered  that,  in  the 
earlier  methods  of  preparation,  retention  of  oxyselenide 
was  a  possibility. 

Chemical  Characteristics:  All  compositions  examined 
in  the  G1-  Te  system  are  soluble  in  dilute  hydrochloric  acid 
v.ith  evolution  of  hydrogen  3elenide.  Hydrolysis  of  all 
compounds  is  noted  in  humid  air  but  lack  of  agreement  is 
found  with  previous  statements1  that  the  selenides  carburize 
below  1700°C.  In  preparing  specimens  for  examination,  some 
have  been  molted  in  graphite  crucibles  in  the  vacuum  furnace 
with  no  evidence  of  carbide  formation.  Other  workers-'  hove 
similarly  found  graphite  to  be  without  effect  upon  these 
compounds . 


DISCySSION 


Insufficient  information  is  yet  considered  available 
to  warrant  the  construction  cf  even  a  partial  phase  diagram 
for  this  system,  but  the  foregoing  observations  would  seem 
to  permit  the  following  rationalization 

Our  data  on  gadolinium  monoselenide  a p.-uor  to  agree 
with  those  given  in  referenced  work.  The  relationship 
between  the  mono  and  diselenides  appears  to  develop  as 
follows.  The  cubic  GdSe  lattice  can  accept  selenium  atoms 
interstitially  forming,  in  part  GdSe2.  However,  not  until 
a  composition  equivalent  to  GdoSe^  is  reached,  does  the 
cubic  lattice  become  strained  to  the  orthorhombic  confurm- 
ance  required  for  GdSe2.  The  situation  would  seem  analogous 
to  that  existing  in  the  CeOg-LagOo  system*0  in  which  CeOg 
is  unable  to  impose  its  fluorite-type  structure  upon  that 
of  La?0;-*  (A-M2°3  type)  until  its  concentrate  on  reaches  about 
40  mol  'p.  In  tne  gadolinium-selenium  system,  tne  proximity 
of  this  lattice  change  point  to  the  GdoSe^  composition  may 
account  for  previous  assumptions  of  the  existence  of  such 
a  compound  having  a  "lacunary"  structure.  Again,  the 
existence  of  a  high  temperature  eutectic  at  the  3:4  compo¬ 
sition  is  further  evidence  against  the  existence  of  a 
Gd3Se4  entity. 
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The  existence  of  high  and  low  temperature  phases  of 
GdgSe^  has  also  been  suggested.  Little  confirmatory  evi¬ 
dence  has  however  been  found  for  this  except  for  magnetic 
data ;  X-ray  and  meta llographic  examinations  indicate  that, 
in  low  temperature  preparations,  compositions  equivalent 
to  Gd2Sej  arc  composed  of  GdSe  with  GdSeg  or  Se. 

The  ’li  structure  assigned  by  Benacerraf  et  al  (loc. 
cit)  to  G  __  ;  ‘2  is  difficult  to  accept  since  X-ray  scans  on 
monphase  materials  show  intensity  maxima  prohibited  by  that 
structure.  It  must  be  remembered,  however,  that  modes  of 
preparation  have  differed  and  interstitial  hydrogen  or 
oxygen  absorption  might  effect  some  degree  of  disorder  in 
the  ThaP||  type  structure.  Again,  because  attempts  by 
Benacerral  et  al,  to  prepare  GdSeg  were  carried  out  at 
450°C  and  upwards,  loss  of  selenium  to  give  compositions 
approximating  GdgSe-,  ^  is  understandable  because  of  the 
temperature  Instability  of  the  biseloniue. 

Magnetic  data  and  the  results  of  electrical  measure¬ 
ments  would  seem  to  indicate  a  degree  of  covalent  bonding 
in  the  compounds  formed.  It  is  suggested  that  this  might 
involve  hybridization  of  Gd  5d , 6s ,  and  Se  4p  electrons. 

Some  justification  is  seen  for  this  in  the~"Tugh  temperature 
stability  of  the  "balanced"  2:3  compound  and  the  tendency 
of  comp<  sitions  on  either  side  of  it  to  lose  less  strongly 
held  gadolinium  and  selenium  on  heating. 

The  resistivity  cf  OdSe  finds  a  counterpart  in  that 
of  ErSe3  which  has  been  interpreted  by  landelll^1  as  indi¬ 
cating  the  existence  of  only  one  conduction  electron  in 
compounds  of  this  form.  The  higher  resistivities  found  for 
GdgSe?  and  GdSeo  would  suggest  a  tendency  in  these  compounds 
towards  ionic  characteristics,  but  tne  magnetic  moments 
found  do  not  confirm  a  purely  ionic  nature.  Again,  tue 
high  thermal  stability  of  GdgSeo,  combined  with  the  fpce- 
going  considerations,  may  be  interpreted,  with  Welker1  .  in 
terms  of  resonance  between  the  covalent  and  ionic  contri¬ 
butions  to  the  bond. 

Acknowledgements  are  made  of  the  assistance  of  E.  Avis 
and  W.  C.  Sexton  in  making  electrical  and  magnetic  measure¬ 
ments  on  cue  material.;,  prepared  and  of  Dr.  S.  Samson  for 
advice  in  interpretation  of  X-ray  data. 


-45- 


RC  145 


REFERENCES 


1.  Benacerraf,  A.  et  a  1 :  Comptes.  rend.  248  lSj2,  2012 

1959 

2.  Menkov,  A.  A  et  al:  Dcklady  A.kad  Nauk.  S.S.S.R.  128 

92,  1959. 

3.  Miller,  G  F.  et  al:  J  E’ ectrochem.  Soc.  3 06  1043 

1959. 

4.  Valdes,  L.  B. :  Proc  I.R.E.  42  420  1 954 . 

5.  Avis,  E.  and  Vickery,  R.  C.:  J.  Appl.  Physics  .(in 

the  press). 

6.  Vickery,  R.  C.  and  Sexton,  W.  C.:  Rev.  Sci.  Instr. 

(in  the  press). 


7. 

Vickery,  R.  C.:  "Analytical 
Earths":  Pergamon  N.  Y 

Chemistry  of  the 
.  I960. 

Rare 

8. 

Klemm,  W.  and  Koczy,  A.:  Z. 
233  1937. 

Anorg.  Allgern.  Chem  84 

9. 

D'eye,  R.  W.  M.  et  al:  J.  Chem.  Soc.  (T.ondon) 
2555  1953  1760. 

1952 

10. 

Brauer,  G.  and  Haag,  H  :  Z. 

Anorg.  Chem.  266 

345  1951 

11 

Iandelli  A. :  Gazzeta  Chem. 

85  881  1955. 

12.  V'«lker,  G.:  Physica.  20  893  1954. 


-46- 


RC  145 


H 

53 

M 

O 

O 

O 

0 

O 

O 

O 

0 

CU 

0 

O 

0 

O 

O 

O 

0 

0 

O 

0 

O 

O 

LPl 

0 

C3 

tO- 

O 

on 

OJ 

OJ 

l—i 

0 

53 

rn 

0- 

00 

CTi 

CO 

m 

00 

M 

^3 

W 

1 — < 

rH 

rH 

1— 1 

rH 

1 — 1 

rH 

s 

w 

— 'rO 

$ 

Eh 

U 

CO 

• 

>n 

JJ  Eh 

cO 

CO  O 

1 — 1 

c 

— <1 

>H  EH 

2  «a: 

M 

O  Q 

S 

W 

M  t-3 

iJ 

Eh  < 

PQ 

2  O 

<c 

<  H 

fn 

1  CO 
k  fH 

5  fc 

H  0. 

2 

M 

-=r 

hO 

M 

• 

0 

&  S 

c 

9 

CO  0 
' — 2 

OJ 

« 

t— 

on 

•=t 

CH 

0 

in 

1,2 

O'. 

uO 

OO 

o-' 

OJ 

OJ 

cn 

on 

OJ 

$ 

>8. 

0- 

CO 

>s. 

0- 

t- 

00 

on 

on 

o' 

0 

EO 

OJ 

on 

EO 

cn 

m 

-47- 


♦  Gd^+Sbp  plus  3.0#  excess  gadolinium 
**  GdoSbp'^  plus  3.056  excess  antimony 


RC  '45 


o  o 
o  o 
\o 

CM 

-=r 

<30 

00 

O 

M3 

t"- 

P-*  o 

CM 

CM 

CM 

l-H 

CM 

CM 

CM 

4,00 

Eh  O 
20 

tn 

LA 

03 

M3 

O 

M3 

CJ\ 

W  O 
M  O 

oco 

H 

W 

W  O 
WO 
O  O 

OJ 

CM 

CM 

rH 

CM 

CM 

CM 

M3 

LA 

rH 

rH 

rH 

A 

CM 

O  O 
on 
w 
o 

w  o 

CM 

CM 

on 

CM 

OJ 

CM 

on 

on 

LA 

rH 

f-4 

M3 

IA 

2" 

w  o 

rH 

CM 

on 

CM 

rH 

\| 

03 

W  On 
CO 

0 

Eh 

to 

pH 


M  2 

2  W 

M 
2 
o 
Q 


CO  c 

6  O 

Eh 

oo 

rn 

co 

pH  < 

i  o 

CM 

in 

l n 

M 

2  n 

e  o 

on 

on 

0J 

LH 

o 

jC  CO 

2H  i-3 

o 

W 

H  <H 

Ei 

2 

Eh  O 

o  u 

m 

2  M 

-HO 

E- 

oo 

m 

< 

C  k 

£  O 

00 

On 

Eh 

1  Eh 

-o 

CM 

on 

OJ 

CO 

>H 

Eh 

M  O 
>o 
M  O 
Eh  O 
CO  CM 


o 

O 

03 

o 

A 

f- 

(33 

0J 

CM 

0J 

rH 

CM 

< 

o 


w 

3 

W  o 

KO 

o 

on 


o  o  co  t--  o 

ro  4-  co  ^  co 

CM  rH  OJ  rH  rH 


t" —  rH 
OO  ON 
OJ  rH 


2  T3 
O  0) 
i-3  H  JJ 

0J 

0J 

2 

-f- 

OI 

C  Eh  rH 

2 

2 

2 

0J 

CO 

Q 

2  H  <U 

n 

CO 

CO 

2 

2 

& 

0 

H  CO  S 

on 

CM 

on 

CO 

CO 

on 

s  o 

"U 

T3 

TO 

T3 

TJ 

T> 

O  Oh  c 
2  2  Eh 

o  < 

O'— 

O 

o 

O 

C3 

C3 

o 

o 

48 


RC  145 


e-> 

2 

M 

o 

a, 

g 

2 

1 — 1 
Eh 

w 


0 

0 

0 

O 

<_> 

O 

0 

0 

0 

O 

O 

O 

0 

0 

0 

O 

O 

O 

00 

0 

0- 

cm 

O 

03 

rH 

VP 

VO 

vo 

VO 

VO 

rH 

rH 

rH 

rH 

1 — 1 

.H 

•* 

*>- 

fn 

Eh 


Eh 

— >U| 

I  ^ 

3R 

XR 

Wi 

5 

03 

m 

uu 

uu 

VO 

d 

>1 

• 

• 

• 

• 

03 

<7 

73  Eh 

0 

rH 

CU 

r- 

cm’ 

00 

E-H 

O  O 

ip 

m 

-bt 

CM 

in 

2 

't. 

' — < 

M 

C\ 

M 

b 

M 

IS 

P 

CO 

< 

w 

M 

0 

p 

« 

M 

ffl 

1 

C0 

c 

5^ 

P 

Eh 

M 

2 

P 

2; 

M 

P 

p 

0 

'-'C 

3R2 

cn 

$ 

3R 

VO 

3R 

on 

§ 

$ 

Q 

M 

• 

• 

• 

• 

• 

• 

<c 

73  £ 

ON 

0 

CM 

h- 

on 

C3 

O  O 

NO 

in 

-=f 

CM 

in 

■=1* 

0 

3 

•H 

c 


o 

73 

ro 

bu 


XI 

-P 

3 

0 

W 

tH 

Xi 


on 


on 


m 

3 

rH 

P. 


CO 

rH 

P. 


* 

CO 

•H 

"to 

r — ' 

♦ 

♦ 

CQ 

•H 

2  73 

+ 

CQ 

O  O 

ro 

1 

-3- 

4- 

P  W  P 

03 

•H 

CO 

XT 

•O 

<  Eh  H 

■H 

■H 

CVJ 

•H 

O 

O 

2  1-1 

<  0 

W 

•H 

•H 

* 

xi  co  £ 1 

1  To 

H3- 

w 

PQ 

-3* 

■=t 

£  O  , 

TJ 

73 

73 

73 

TJ 

TJ 

* 

0  2  0 
2  2  Pi 

O 

O 

0 

O 

O 

O 

★ 

* 

o  < 

O'-! 


-49 


TABLE  IV 


RC  145 


o  o 

00 

o  o 

\r 

^r 

f- 

CD 

rH 

r- 

>  ° 

OJ 

oi 

OJ 

m 

OJ 

OJ 

3,00 

" — ' 

H 

W 

1 — t  a 

OJ 

oo 

(H  O 

-t 

in 

m 

h 

CTc 

W  o 

WVJ 

w 

o 

f  vj 

0J 

OJ 

rH 

C\J 

OJ 

o 

2 

o  o 

Wo 

«  o 
w  o 

UD 

d 

CD 

m 

02 

o 

ru 

OJ 

OJ 

rH 

OJ 

OO 

W  on 
CO 

•« 

02 

>J  <C 

' . 

CO  E-* 

o 

rH 

0J 

o 

t-- 

<C 

e  o 

02 

o 

CO 

02 

w  n 

O  o 

0J 

m 

-3" 

OJ 

1  00 

b  w 

£ 

S  < 

£ 

co  a 

O  O 

M  H 

c<o 

02 

r*i 

in 

rH 

ffl  tx 

o  o 

in 

o 

ID 

•H  O 

t  in 

OJ 

on 

OJ 

M  W 

2  W 

>j  a 

JH 

HO 

OJ 

o 

o 

in 

O 

ID 

w 

M  O 

on 

r 

t- 

in 

CO 

o 

>  o 

oi 

02 

^r 

rH 

rH 

n 

H  OJ 

< 

H 

a 

CO 

h  a 

COO 

OJ 

CD 

co 

ON 

o 

o 

w  o 

0J 

CT> 

02 

O 

co 

CO 

PC  on 

0J 

0J 

on 

rH 

-=r 

rH 

2  'O 
©  0) 
W  H  -p 

on 

on 

•fH 

+■ 

CO 

=S  £h  rH 

•fH 

•H 

OJ 

w 

•rH 

2  H  0; 

rT) 

m 

•fH 

•fH 

+■ 

(X) 

H  CO  gj 

To 

■=r 

m 

m 

-=f 

S  © 

D 

D 

D 

Xi 

T3 

NO 

COMP 

(Arc 

O 

o 

O 

O 

o 

O 

50 


TABLE  V 


HC  145 


& 

CL, 

Cl. 

o 

O: 


■  *  CM  00  CO  O  C  vO  CU 
QQCOrHCULOCOOCM 


co  c  la  c- to- to¬ 
rn  la  la  co  co  co 


ZZh 


WHOOOOOO 


s 

Eh 

CO 

>H  < 
CO  Eh 
C 

§  ° 
M  rO 
2  < 
w  s 
lJ  o 

U  M 
CO  Eh 
I  M 
S  CO 

o 

M  Oh 

s  s 

M° 

O 

O 

o 


O 


<1) 

CO 


CO  rH 

f— -Cf  CV1  OOrH  t —  LPV 


-Lt  cm  to-  lacocoo 
|-h  LALD  CM  CM  lO  CTO  00  OO 


cno  COl^  LACM  (OH  rH  CM  CM  CM  n  r-i  rH  i  ,| 
— hlI-  -cj-  ,^-j- 


rH 

-=f 


uv&  [ —  cm  co  cm  cococolo  c-t-r- 

'vD  OO  LA-=T  -lt  VO  LO  no  LO  LC  L—  C-.  i%_  t-Ivo 

,r .  la  u  \  la  la  la  la  cn  la  la  la  la  la  la  uo 


30 

00* 

LA 


CM 

CO 

-=t 


00 

CO 

LA 


CM  rH 

•  . 

CO  o 
-rr 


00  CT\ 

»  * 

CD  OO 
UO  UA 


2 

o 

H 

Eh 


CO 

o 

a, 

E 


o 

CJ 


CO 

<D 

CO. 

■u 

o 


<D 

rc 

CO 

•O 

a 


■taoowfeoXHb^oszoa,  cy  K 


-51- 


(GdSe)  66.6  33.4  67.6  32.4 


RC  3  45 


■=t  cm 
ONO 
onCM 


oninooco  oncci  o  acmcnc-co 

r-tmOOinOtTw-ICOCMCOC'- 
cci  r-t  oj  on  cci  on  roriHri 


W  C 
E-t  fa 


CO 

>t 


M 

CO 

E-* 
S  2 
5  w 

> 

M  M 

w 

2  O 
W  fa 

fa 

fa  fa 

m 

W  fa 

*3; 

CO  W 

fa 

t  O 

CJ 

o 

\o 

>o 

ao 

'-'O 

CO 

El 

z 

w 

fa  O 

'JO 

H  O 

fa  o 
fafa- 
fa 

o 

o 

«oJ 
'■1  o 

I'J  o 
CM 


e 

M 


Ooo  onircco 

-=3-0  oooo 

CM  CO  CM  r-t  CM 


moo  omtutcc— co  o 

CO  OOO  MOO  C  CO  0C  CCI 
CM  CO  m  H  M  H  cf 


CO  t-~ 
fa-  r-t 


i']('iuvuoocUH(MOO\ 

o  cm  co  o-  so  on  t  csniAH 

CM  CO  .M  M  CM  CM  CM  ct 


iOwnpO'O 

c- o' coco 

m  fa  t— t 


t- 


ri 


O  O  O  O  a\  COCO  O  CM  oo  LO  o  c-  o 

coco  on  on  t—co  co  oo  cm  r-t  t-mcvj  un 

CT\  r-t  r-t  r-t  r-t  r-t-Cf  if  H  H  On 


O  r— ( 

•=r  cm 


cm  in  on 
moo  on 

CO  r-t 


o-co  on  o  inao  in^j-  o 
onco  r-t  o  cm  co  o  r-t  o 
fa  r-t  in  CM  r-t  r-t  on 


o  oo 

•=*  CM 


M 

2  o 
M  W 

30 

n  w 

<C  CO 

o 


2 

o 

H 

fa 

H 

CO 

o 

fa 

s 

o 

o 


■=t 

<D 

CO 

on 

n 

o 

^PionWboKHnwJszofa  &  k 


-52- 


TABLE  VII 


RC  145 


o 

Q 

o 

o 

co 


o  o  o  o  o  o 

O  CO  O  A  VO  A 

vo  ca 


o 
o 
o 
o 
6  VO 
o 

I 


O  Ov  O  O  O  CVJ 

VO  VO  LA  LA  f-  VO 

t —  M 


s: 

o  o 
o 


2 

ca  O 

1  O 

0.3- 

r — ( 

w 

E-* 

'A 

to 

E-l  O 

>L 

MO 

CO  <c 

>  O 

E-t 

M  O 

s  < 

Eh  CVJ 

s« 

CO 

M 

M 

2 

CO 

W  EH 

W 

vJ  M 

cc  0 

W  > 

0 

CO  M 

c 

1  Eh 

0 

2  to 

M 

O  VO  -t 
A  iA  O 
O  i-l 

r  I 


o 

cvj  m  c— 
vo  vo 


CA 

O  VO  CVJ  M  VO  CO 
LA  A 

o 


M  CO 

a  w 

m 

o 

o 

*3; 

o 


0 

A 

0 

0 

A 

r-l 

0 

^0 

00 

M  CO 

0 

0 

m 

»H 

rH 

CVJ 

0 

on 

ca 

00 

cn 

A 

O 

rH 

•=j- 

A 

(A 

2 

- — - 

O 

CA 

M 

O 

Eh 

CO 

M 

CVJ 

CO 

Ti 

O 

O 

CH 

s 

0 

0 

< 

n  rr,  o 


cu 


-53- 


K 


(GdSe)  .20  .21  .21  22  .27  .22 


RC  145 


E-t 

X 

H 

O 

O 

o 

o 

o 

o 

fL, 

o 

o 

o 

o 

o 

o 

o 

o 

l_) 

o 

o 

CVi 

o 

o 

OJ 

00 

2; 

CO 

CO 

c — 

NO 

■=* 

M 

rH 

rH 

r— t 

rH 

rH 

X 

w 

s 

v; 

til 

EH 

co 

>H 

J 

c 

-=* 

\R 

CO 

X 

ON 

rH 

in 

in 

<c 

tH 

• 

• 

• 

• 

• 

2  fr< 

o 

oo 

CO 

rH 

NO 

NO 

M 

o  <c 

•H  < 

rH 

r-H 

OJ 

M 

O  Q 

CO 

M 

M 

> 

-J  >A 

M  <C 

£ 

W 

CO  O 

X 

J 

1  M 

o 

m 

s  co 

X 

<c 

5  >h 

w 

E-i 

M  X 

a,  J 

2  &< 

c 

M 

2 

>R 

>R 

'CR 

>R 

M 

NO 

m 

co 

o 

s 

• 

• 

• 

• 

• 

Q 

O 

in 

GO 

rH 

in 

NO 

■5 

2 

rH 

rH 

OJ 

O 

2  -a 

O  <D 
J  H  -P 

m 

H 

•rH 

•H 

•H 

CNJ 

2  H  <u 

CO 

GO 

tH 

ft 

H  CO  2 

cn 

OJ 

-=f 

CO 

CO 

s  o 

■c 

T5 

T3 

•o 

TJ 

0  0-0 

o 

O 

O 

a 

O 

54 


RC  145 


o 

O  O 

\o  I 

>  o' 

-Jcol 

Eh 

2  cj 

WO 
H  Ol 

o  o 

MVO| 

w 

fe  o 

oo 
o  o 
o, 

2  fV>l 

o 

w 

So 
o 

w  o 

CO  evil 


on  vo 

CM  CM 


(J\  0- 

CM  CM 


o  in 

CM  CM 


rH  CO 
CM  CM 


in  r-1  O  rH  in 
cm  on  cm  CM  CM 


o  o  o  on 

01  CM  CM  CM 


Eh 

CO 

O 

>H  < 

—O 

CO  Eh 

e  o 

CO 

in 

rH 

< 

O  o 

rH 

O', 

O'- 

2  n 

1  CO 

-=fr 

-4" 

on 

2 

o 

6 

M 

o  w 

c 

M  < 

o  o 

w 

W  O 

E-,o 

w 

W  M 

o  o 

-=t 

in 

o 

m 

CO  pc 

•HO 

CO 

CO 

c— 

c 

1  Eh 

e  in 

on 

on 

CM 

Eh 

' — 

M  -) 

O 

2  W 

EhO 

M 

W  O 

on 

O 

o 

W 

W 

>  o 

rH 

O 

CM 

o 

rH 

O 

o 

■=c 

H  CM 

r  , 

on 

on 

Ol 

-3- 

CM 

tH 

CO 

H  O 
COO 

o> 

O 

03 

VO 

W  O 

CO 

CO 

O 

CO 

DC  on 

CM 

CM 

in 

on 

rH 

2  X) 
O  0J 
iJH-P 

^  c  *  r~1 

2  H  4) 
Hfc  'O  £ 
£  O 

o  o-,  o 

2  £  1C, 
O  < 
O'— 


on 


•H 

CO 

■H 

CO 

tH 

CO 

H 

CM 

tH 

on 

CM 

•=r 

CO 

CO 

X} 

T3 

xj 

XJ 

XJ 

o 

CJ 

C5 

-55- 


RC  145 


0 

GO 

0 

O  O 

on 

o\ 

in 

CTs 

0 

1  O 

VO 

OV 

-=t 

CM 

G  CO 

no 

rH 

in 

on 

OV 

.c 

0 

Ih  0 
0  0 

O 

•H  O 

CM 

in 

CT\ 

OV 

O 

G  C 

0 

VO 

00 

OV 

t- 

■ — VO 

on 

rH 

cr 

CM 

VO 

EH  0 
MO 

0 

>  0 

VO 

N 

in 

nj 

0 

M  O 

on 

m 

on 

CM 

CM 

H  CM 
CO 

CM 

rH 

on 

CM 

•=f 

M 

CO  0 

O 

wo 

VO 

on 

on 

OV 

O 

«  0 

rH 

on 

Ch 

<T\ 

on 

on 

CM 

rH 

CM 

rH 

on 

- — ~ 

•> 

0 

0 

s 

- 

Eh 

>  0 

VO 

on 

Ch 

00 

on 

vO 

CO 

0  0 

CM 

CM 

rH 

Cvi 

CM 

CM 

CM 

>< 

—•or;) 

1 

CO 

H 

CO  < 

35  0 

30  Eh 

WO 

53  < 

M  O 

t- 

CM 

m 

CT\ 

on 

rH 

0  Q 

O  O 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

53 

MVO 

1 

a,  w 

w 

w 

CO  <c 

w 

.0 

0  0 

W  0 

« 

53  M 

00 

<s 

a,  K 

0  0 

av 

rH 

on 

O 

CM 

in 

&H 

1  E-* 

0 

CM 

CM 

CM 

CM 

CM 

CM 

1 

3*3  CM 

5  w 

0 

M  W 

w 

2;  w 

CQ  O 

M 

WO 

rH 

rH 

in 

CM 

W 

w  0 

CM 

rH 

CM 

1 

O 

co  on 

O 

<c 

a 

^ K 

CO 

r-v 

. — ■ 

c 

C 

CO 

5> 

c 

c 

N 

IS) 

0 

cc  , 

NJ 

N 

VO 

VO 

VO 

0  w 

O 

-3- 

O 

rH 

• 

53  <C 

• 

• 

• 

o\ 

W  5> 

ov 

-=t 

rH 

CO  Eh 

f- 

vn 

' — - 

- r 

■ — * 

'—h ** 

'• — 

O  0 

■ 

-d" 

on 

53  < 

on 

in 

cO 

L  — 

in 

-d" 

on 

CL, 

• 

• 

• 

• 

O 

f-"4 

CM 

CO 

0\ 

rH 

rH 

r-‘ 

w 

^ _ _ 

^ v 

^ K 

^ _ v 

<c 

rH 

CM 

in 

in 

VO 

t- 

tH 

— 

— 

— " 

' — 

— " 

" 

6 

Cl 

a, 

Or 

P-. 

Dr 

cu 

Oh 

E-* 

T3 

n 

n 

T5 

T> 

T3 

T3 

< 

O 

O 

c5 

O 

O 

a 

O 

56 


PC  12*5 


2 

i 

M 

O 

o 

o 

Cl, 

o 

o 

o 

o 

o 

o 

in 

2 

o 

t 

M 

OJ 

OJ 

£h 

W 

Si 

1 

s 

■=c 

OJ 

l— 

Eil 

2 

» 

eh 

Eh 

CO 

U) 

O 

rH 

PJ 

><  < 

<T, 

CO  Eh 

ffl 

<5 

M 

2  Q 

H 

X 

O 

2 

ffl  ffl 

W 

w 

O  < 

o 

K 

ffl 

ffl  o 

m 

1  M 

W 

< 

S  ffl 

a, 

5  >< 

ffl 

M 

< 

in 

LO 

2  O, 

2 

• 

• 

M 

M 

r-H 

00 

lJ 

s 

C\J 

OJ 

o 

o 

ffl 

2 

<c 

a 

2  TJ 
O  OJ 

JHC 
=S  Eh  rH 
2  M  d) 
M  W  £ 

ffl- 

LO 

£  o 

ffl 

ffl 

O  CL,  O' 

T3 

•o 

2  £  U 

o 

o 

O  «C 
L_,  - i 

-57- 


RC  145 


CM  O'* 

m 


<-*  o 

co  on 


z  n 
O  0) 
Jhp 
<C  E"<  rH 

2  H  <! 

:  :  M  E 

S  O 
O  D-  y 
2  S  U 
O  «S 

o*-H 


~r  io 

«  m 

T3  XJ 
O  O 


-58- 


RC  145 


n 

O 

o 

CJ 

o 

CJ 

cj 

CL. 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CO 

o 

- 1 

OJ 

Ch 

o 

X. 

o 

-X 

-=r 

rH 

CO 

M 

on 

CVI 

AJ 

nj 

rH 

E-* 

J 

W 

s 

1 

•» 

lA 

.M 

jg 

x 

0- 

ON 

t- 

O 

On 

w 

C-* 

• 

• 

• 

• 

E-* 

cj 

in 

CO 

o 

OJ 

-=f 

CO 

< 

rH 

I  H 

OJ 

>H 

•H 

H 

co  <. 

w 

H 

E-* 

M 

2  < 

H 

X 

o  o 

55 

o 

w 

w 

M  d 

o 

Ml 

O  < 

PC 

PH  O 

w 

■3; 

CO  M 

a. 

E-* 

i  w 

d 

g  & 

<q 

LA 

lA 

5  X 

2; 

on 

NO 

IA 

U3 

o 

M  P-< 

M 

• 

• 

• 

• 

• 

2: 

s 

P- 

00 

O 

H 

fo 

o 

i— t 

rH 

OJ 

<t: 

2; 

2;  -o 

C  <D 

-3  Pi  P 

on 

on 

LA 

<q  E-*  rH 

•rH 

•rl 

rH 

•rH 

CVI 

2:  h  <d 

CO 

CO 

CO 

CO 

*r4 

H  C/3  £ 

OJ 

lA 

-X 

CO 

CO 

£  9 

<M 

Cm 

On 

Cm 

Cm 

2;  x  p 

X 

X 

X 

X 

*■  -  r~* 

O  <C 
O'-H 


-59- 


RC  145 


o  o 
o  o 
\o 
>  o 

3.  CO 


LH  VO 


On 

on 


Eh  O 
SO 

w  o 

M  O 
o  VO 
:h 

fa 

fa  u 
wo 
o  o 
o  o 

CM 

w 


a 

0 


w 

CO 


o 

o 

o 

on 


co  i-i  oo  ov  on 

’ — 1  CVJ  I — (  , — I 


0J 


on  r— I 

rH  CM 


CO 


o 

on 


CO.  CM  oo  o 

on  CM  rH  .•"! 


> 

M 

* 

w 

w 

m 

<5 

fa 


C-h 

co 

>H  fa 
CO  < 

2° 
o  w 
o  <c 

W  M 
M  2 
03  fn 
I  U 
2  W 

5  w 

w  w 
2 
fa 
<c 
2 


o 
'~<0 
s  o 

O  O 

i  no 


0 

■C 


o  o 

ShO 

o  o 
rH  o 

EVO 


cn 

o 

CM 


CM 

CO 


VO 

t" 


vo 

on 


VO 

^r 


W  o 
EhO 
H  O 

>  o 
m  on| 
E-1 
co 

H  U 
COO 

w  o 

2  on 


on 


\  •  l 

03 


CO 


CM  CM 
CO  VO 


2  T3 
O  <D 
Who 
«£  P  -H 

CO 

m 

m 

4*5  M  V.O 

■H 

*H 

•H 

CVJ 

HC0S 

C0 

CO 

C0 

00 

•H 

s  o 

CM 

IT\ 

VO 

00 

O  fa  O 

Cw 

fa 

<u 

<u 

2  2  Eh 

<o  c 

Ov_- 

2 

2 

2 

2 

2 

-60- 


TABLE  XV 


RC  145 


o 

o 

\o 

>o 

30 

o 

rH 

o> 

t- 

■— o 

rH 

CM 

CM 

rH 

OJ 

oo 

H 

2 

w 

Eh 

W  O 

2 

OO 

M 

H  O 

Q\ 

CT\ 

o 

c\ 

o 

o 

o 

rH 

rH 

CM 

<H 

OJ 

cu 

o 

o 

fcvo 

o 

o 

w 

C5 

o 

o 

o 

2 

<M 

o 

o 

M 

o 

o 

H 

Cl 

oo 

E3  o 

►4 

oo 

W 

0  O 

n\ 

o 

cr\ 

CT> 

oo 

s 

PQ  o 

H 

CO 

rH 

rH 

CM 

W  oo 

w 

CO 


>H  I 

<c 

<| 

Eh 

in 

rH 

< 

h| 

• 

• 

n 

o 

LT\ 

o 

o 

<C' 

i 

iH 

. — o 

S  £ 

PQ 

E  O 

rH 

E-*  <5 

o  O 

ON 

C/3  O 

Eh 

i  CO 

>H  M 

2 

E 

co  PS 

w 

£ 

Eh 

O 

O  CO 

2  O 

PS 

P.O 

o  w 

W 

O  O 

m 

03  X 

a. 

H  O 

o  w 

EVO 

pq 

< 

1 — ' 

1  Q 

2 

CM 

M 

• 

> 

>H  O 

$  <, 

£ 

m 

o 

EhO 

M 

o 

rH 

M  O 

CM 

2  £ 

2 

>o 

-=}■ 

fo  < 

M  CO 

<  o 

Eh 

3d  m 

CO 

CO 

M  O 

in 

coo 

oo 

£ 

w  o 

oo 

&- 

PS  oo 

2  TJ 

O  0) 

OHP 

*ttHH 

' — ' 

T3 

2  M  <U 

CM 

■a 

c 

a) 

HCOS 

PQ 

CQ 

cu 

o 

m 

£  CO 

<M 

Ch 

M 

-p 

•H 

m 

O  Oh  o 

PC 

33 

<C 

rH 

■P^ 

(U 

2  £  (h 

M 

<1) 

a  tj 

Ph 

O  < 

OS 

E 

P  a) 

a 

O' — 1 

w 

•H  P 

Eh 

o 

>  rH 

•p 

< 

u 

0)  0) 

o 

£ 

TO 

rH  E 

£ 

' — ' 

— 

' — 

CQ 

PQ 

PQ 

Ph 

<H 

Ch 

X 

33 

-6l- 


HfB2  (arc  crelted) 
KfBg  (hot  pressed) 


RC  145 

Furnace  (non  inductive) 


Sample 


Argon 


Voltmeter 


Seebeck  Voltage 


Alumel 


Lo  Temp, 


Hi  Temp. 


Alumel 

A 


1  1  \ 

/II 

r 

Chromel  '  [  1 

> 

\ 

Cold 

/ 

Cold 

Junction* 

Junctions 

Figure  1 

Seebeok  Coefficient  Apparatus 
and  Circuit 

RC  145 


Resistivity  Circuit 


Resistivity  Apparatus 


Heater 


Spring  Mounted 
Stainless  Steel 

Electrodes  OOOO 


Vycor  Tube 


ALUMINA  PUSHROD  (Hollow) 


Argon 


OOOO 
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Figure  3  Melting  Point  Apparatus 
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Figure  4  (Continued) 
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Figure  7  Gadolinium-Bismuth  System 
Seebeck  Coefficients 
vs  Temperature 
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Figure  7  (Continued) 
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Figure  9  Gadolinium-Bismuth  System 

Resistivity  und  Heltius  Points 
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Figure  10  Gadolinium-Selenium  System 
Seebeck  Coefficient  vs 
Tempera  ture 


Resistivity  (microhm-cm 


RC  145 


300 

200 

100 


60,000 

40,000 

20,000 

3,000 

2,000 


R  GdSe 


XI _ I _ I - 1 — 

200  400  600  800 


Temperature  (°C) 

Figure  11  Gadolinium-Selenium  System 
Resistivity  vs  Temperature 
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Figure  12  Effect  cf  Processing  Variables 
Upon  Seebeck  Coefficient  of  Qd^e^ 
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Figure  13  Effect  of  Processing  Variables 
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Figure  15  Effect  of  Processing  Variables 
Upon  Resistivity  of  Gd^e^ 
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Figure  21  Gadolinium-Boron  System 

Seebeck  Coefficient  vs  Tempei-oture 
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